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ABSTRACT

NOvVA is a long-baseline neutrino oscillation experiment consisting of two
functionally-identical tracking calorimeters, and a beam of neutrinos. The near
detector is located at Fermilab, where it measures neutrinos coming from the
NuMI beam. The beam can be run in neutrino or antineutrino mode, to produce a
highly pure flux of muon (anti)neutrinos. The neutrinos then travel 810 km north
to the much larger far detector, where we measure them again after they have
oscillated. By measuring the appearance of electron (anti)neutrinos and the
disappearance of muon (anti)neutrinos, we can make precise measurements of
PMNS mixing matrix parameters, as well as the neutrino mass splitting Ams2,,
and shed light on the remaining unknowns of neutrino mass ordering (the sign of
Am3,), dcp, and the octant of fy3. This dissertation presents a joint analysis of

v, — v, and v, — v, data consisting of 26.61x10?° protons-on-target (POT) in
neutrino mode and 12.5x10%° POT in antineutrino mode. Analysis improvements
include new optimizations for our simulated light model, improved systematic
uncertainties, a new sample of low-energy v, events, and an additional focus on
constraints from reactor neutrino experiments, including our first implementation
of a constraint on Am3,. Additional studies aimed at improving our sensitivity to
the oscillation parameters are explored, including efforts to reclaim neutrino events
that fail selections, the implementation of the reactor neutrino constraints, and
significant improvements to Michel electron reconstruction. The best fit to the
data falls in the normal mass ordering, and upper octant of fa3, with Am3, =
2.433100% (1073 eV?), and sin® fp3 = 0.54670 032, Fitting with a constraint based
on Daya Bay’s measurement of sin® 26,3 gives us a 1.360 preference for the normal
mass ordering, which increases to 1.570 when applying an additional constraint
using their measurement of Am2,. Our observed data falls in a region preferring
combinations of the oscillation parameters that lead to similar oscillation
probabilities for v, and v.. Consequently we disfavor combinations of oscillation
parameters that result in a large asymmetry, excluding dcp = 0, 7, 27 in the
inverted mass ordering at > 30.
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Preface

This thesis describes the measurement of v, — v, and v, — v, neutrino oscillations in
the NOVA experiment. Here we give an overview of the contents of each chapter, noting
my relevant contributions to the analysis.

In Chapter 1 we cover the theory of neutrinos that is relevant to this dissertation,
primarily a description of neutrino oscillations and how NOvVA is sensitive to the parameters
that govern them.

In Chapter 2 we describe the design of the NOvA experiment in detail, going over the
NuMI neutrino beam and both the near and far detectors.

Chapter 3 describes how we produce a detailed simulation of our beam and detector to
compare with the real data. We then describe the process of calibrating both the simulated
and real data to convert measured quantities to meaningful physical units. As a calibration
expert for NOvA, I performed these calibration procedures on the data that is used for
this analysis.

Chapter 4 covers the various traditional and machine-learning algorithms that we use
to process our raw data and identify the neutrino interactions. This involves reconstructing
the topologies that particles make in our detector, and then using them to estimate the
energies and flavor of the neutrino interaction that produced them. I made significant
improvements to our Michel electron reconstruction technique described in this section,
but the improvements will be targeted to future analyses, and are discussed in Chapter 6.

Chapter 5 details the 3-flavor analysis methodology, including the construction of our



predicted far detector samples, the various systematic uncertainties we incorporate, and
the different Bayesian and frequentist fitting techniques used. I performed validation of
the new low-energy sample and it’s implementation into our fitting framework. I also
made improvements to the code that is used to generate the official prediction files for the
analysis and produced many of them myself.

Chapter 6 covers various studies I performed that were aimed at gaining sensitiv-
ity to the oscillation parameters. I detail the implementation and validation of external
constraints on our analysis using measurements from reactor neutrino experiments. I per-
formed two studies aimed at reclaiming v, and v, events that failed our selection cuts.
The v, study also helped motivate the new low-energy sample which is discussed. Finally,
I cover the detector simulation and Michel electron reconstruction improvements that I
made, and discuss how they might be used to improve the 3-flavor analysis.

Chapter 7 presents the results of the joint 3-flavor fit of v, and v, data. I was a part of
the frequentist analysis team and so the majority of results presented here come from that
analysis. My contributions include the final observed energy spectrum plots for our data,
the bi-event plots, and the frequentist fits presented without Feldman-Cousins corrections.

Finally, Chapter 8 summarizes the results and conclusions, and discusses future research

directions .



Chapter 1

Theory of Neutrinos

1.1 Introduction

The neutrino was first postulated by W. Pauli in 1930 as a way to explain the continuous
energy spectra that had been observed in  decays by J. Chadwick [1]. At the time,
B decay was thought to be a two-body decay, and so a continuous energy spectrum would
violate the principle of conservation of energy. By emitting a chargeless fermion along
with the electron in the decay, a continuous energy spectrum would be allowed. In 1934
this idea was incorporated by E. Fermi into his theory of 8 decay, where he also gave the
neutrino its name (Italian for “little neutral one”) [2].

Initial calculations of the small neutrino cross section led Pauli and others to believe
that the neutrino would never be detected. However, in 1946 B. Pontecorvo proposed
the idea of using nuclear reactors (which provide a large flux of neutrinos) combined with
large detector volumes to achieve the necessary event rates [3]. F. Reines and C. Cowan
were the first to succeed in using this method, when in 1956 they discovered the electron
antineutrino using a liquid scintillator detector placed underground near a nuclear reactor
[4]. The experiment measured the signal of a positron followed by a delayed signal from

neutron capture in the inverse beta decay process:

p+ve—srntet. (1.1)
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For the discovery of the electron neutrino, Reines was awarded the Nobel prize in 1995. Six
years after the discovery of the v,, the v, was discovered at Brookhaven National Lab in
1962 by L. Lederman, M. Schwartz, and S. Steinberger [5], who pioneered the world’s first
accelerator-based neutrino beam. Notably, the design of the beam used to create neutrinos
is the same general design used today. A high intensity beam of protons would hit a target,
producing hadrons that then decay to neutrinos. The third generation lepton, the tau, was
discovered in 1975 at the Stanford Linear Accelerator 6], and with it the Standard Model
predicted a corresponding third generation of neutrino. However the discovery of the tau
neutrino would not come until 2000. It was observed for the first time by the Direct
Observation of the Nu Tau (DONUT) experiment at Fermilab |7], which used an emulsion
cloud chamber to detect the short-lived tau signals.

While the three generations of neutrino were predicted by the Standard Model and sub-
sequently discovered, the full picture was not yet complete, as the phenomena of neutrino
oscillations presented a new puzzle. Pontecorvo had first proposed the idea of oscillations
between neutrinos and antineutrinos in 1957 [8]. Z. Maki, M. Nakagawa, and S. Sagata
expanded this idea further in 1962 to describe electron and muon neutrinos as combina-
tions of mass eigenstates [9]. With this theory, the existence of neutrino oscillations would
then also imply the neutrinos have mass. Pontecorvo then developed an intuitive theory
of two-flavor neutrino oscillations in 1968 [10].

In that same year, R. Davis was measuring electron neutrinos from the sun using a
tank of chlorine located underground in the Homestake mine in South Dakota. Neutrinos
could capture on the chlorine, creating argon atoms, which he extracted to give a direct
measurement of the solar neutrino flux [11]. However, he observed only a third of the
events expected by the theory at the time. This became known as the solar neutrino
problem. While some believed this indicated that the astrophysical estimates were wrong,
many believed Davis had simply made an error in his measurements. However, other
experiments also found deficits in the rate of solar neutrinos.

In 1998 the phenomena of oscillations was confirmed by the Super-Kamiokande (SK)
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experiment [12]. They measured atmospheric neutrinos which result from the decays of
pions, muons, and kaons produced in cosmic ray collisions in the atmosphere. Compared
to a no-oscillation hypothesis, they found a deficit in the rates of muon neutrinos that
traveled farther, through the Earth, on their way to the detector. Just a few years later
the solar neutrino problem was also resolved, when in 2001 the Sudbury Neutrino Obser-
vatory (SNO) made a simultaneous measurement of the electron and total solar neutrino
flux. The total solar flux agreed with the expected rate, while the v, flux showed the
deficit, confirming that the v, were oscillating into other flavors [13]. For confirming that
neutrinos oscillate and thus have mass, T. Kajita and A. McDonald, of the SK and SNO
collaborations, respectively, received the Nobel prize in physics in 2015. Since then, the
field has progressed to make precision measurements of the parameters describing neutrino

oscillations.

1.1.1 Particles in the Standard Model

The Standard Model (SM) of particle physics is currently the most complete theory of
fundamental particles and their interactions under the strong, electromagnetic, and weak
forces. The classification of particles in the theory is summarized in Figure 1.1. There
are two broad categories of particle, fermions that have % integer spin and obey the Pauli
exclusion principle, and bosons that have integer spin. The gauge bosons give rise to each
of the forces, with eight gluons mediating the strong force, the photon mediating the elec-
tromagnetic force, and the W and Z bosons mediating the weak force. The fermions are
further classified based on their interactions and charges, into six quarks and six leptons
(along with the antiparticles for each). Each of the six particles is paired up into three gen-
erations. The quarks carry both electric charge, color charge, and weak isospin, meaning
they can interact via the electromagnetic, strong, and weak forces. Additionally, quarks
are subject to confinement, meaning they only exist in color-neutral bound states of two or
more quarks known as hadrons. Hadrons, containing an equal number of quarks and anti-

quarks, are known as mesons, an example being pions (a first generation quark-antiquark
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Figure 1.1: A summary of the classification of elementary particles in the Standard Model.
From [14]

pair) or kaons (a first generation and strange quark combination). Three-quark states,
such as the proton and neutron, are known as baryons. Each of the three generations of
lepton are composed of a neutrino and charged lepton of the same flavor. The neutrinos do
not have electric or color charge, and interact only via the weak force. The electron, muon,
and tau all have an electric charge of -1, and interact via the weak and electromagnetic

forces.

1.1.2 Neutrino Interactions

Within the Standard Model, neutrinos only interact via the weak force, undergoing either
charged-current (CC) or neutral-current (NC) interactions. These are mediated by the

W# boson, and neutral Z boson, respectively. Figure 1.2 shows an example of Feynman
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Figure 1.2: Feynman diagrams for charged (left) and neutral (right) current neutrino
interactions. From [15].

diagrams for each of these. In a CC interaction, the neutrino exchanges a W boson,
changing into its corresponding lepton pair (v. to e, v, to p, vy to 7), which conserves
lepton number. The sign of the W boson is chosen to conserve charge. In NC interactions
the neutrino instead exchanges a neutral Z boson. Without the charge exchange, the
neutrino remains in its initial state. In the context of inclusive v scattering, and neutrino
oscillation experiments such as NOvA (the focus of this thesis, described in Chapter 2),

the CC interactions we see can be generalized to the form

(+)

n+X -1+ X (1.2)

while the NC interactions can be generalized to

w+X -+ X, (1.3)

where X is the detector particle(s) that the neutrino interacted with, [ is the charged lepton,
and X' is the remaining final state particles [16]. Identifying the charged lepton in the final
state of the CC interaction allows us to identify the flavor of the incoming neutrino. We

cannot do such identification for NC interactions. The remaining final state particles X’



in each interaction depend on the nature of X, the particle(s) that the neutrino interacted
with, along with the energy of the incident neutrino. For example, the neutrino may
interact with an entire nucleus, a single nucleon, or with enough momentum, individual
constituent quarks. There are four main CC interaction processes that we see in NOvVA:
quasi-elastic (QE), meson-exchange current (MEC, also known as two-particle two-hole or
2p2h), resonant pion production (RES), and deep inelastic scattering (DIS). Figure 1.3
shows example Feynman diagrams for each of these processes. In the QE interaction (Fig
1.3a), the incoming neutrino interacts with a single nucleon. The charge exchange of the
W boson leaves a different nucleon in the final state, and produces a charged lepton with
the same flavor as the neutrino. In MEC interactions (Fig 1.3b), the neutrino interacts
with a correlated pair of nucleons inside the nucleus. This leads to multiple nucleons in the
final state as well. In RES interactions (Fig 1.3c) the exchanged boson has enough energy
to create a A resonance, which promptly decays to produce a pion in the final state in
addition to a nucleon. Finally, DIS interactions (Fig 1.3d) involve a neutrino with enough
energy to interact with an individual quark, breaking up the nucleon in the process and
producing a variety of hadrons in the final state, known as a hadronic shower.

Each of these types of interaction has a different cross section that varies as a function
of incident neutrino energy. The neutrino cross sections for QE, RES, and DIS interactions
are plotted in Fig. 1.4. MEC events tend to occur between the energy ranges of QE and
RES events [18]. NOvA primarily measures neutrinos in the 1-5 GeV range, so we see a
mix of all kinds of interactions, primarily QE, MEC, and RES at lower energies, then RES

and DIS at higher energies.

1.2 Neutrino Oscillations

Neutrino oscillations are the phenomena whereby a neutrino created as one flavor can later
be detected as a different flavor. This implies the neutrinos have separate mass and flavor

eigenstates, which are superpositions of one another. This is in contrast to the Standard
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Figure 1.3: Feynman diagrams for the four primary CC interaction processes we see in

NOvVA. From [17].

Model assumption that neutrinos are massless, and oscillations require modifying the the-

ory. The flavor eigenstates represent the basis which diagonalizes the weak interaction,

while mass eigenstates represent the basis that diagonalizes the free particle Hamiltonian.

As the superposition propagates, the mass states will become out of phase with each other

as their different masses cause them to propagate with different frequency. This causes a

mixing of mass states that in turn results in a mixing of flavor states in the superposition.

So, a neutrino created as a muon neutrino at a later time can be composed of a combi-

nation of electron, muon, and tau neutrino states. Since interactions occur in the flavor

basis, it can then interact as one of the other flavors, and we would observe it as having

oscillated.

Mathematically, we can write the neutrino flavor eigenstates (ve, vy, v-) as a linear



g
~ L -
E1.20 E
s 1 3
e 3
08
50.6F 3
® F 3
20.4F 3
3 F 3
00.2[ .05F
o o v, -
> G S GL i ekl
107 1 10 10? 10 1 10 10?
E, (GeV) E, (GeV)

Figure 1.4: Neutrino (left) and antineutrino (right) per-nucleon CC cross sections (for an
isoscalar target) divided by neutrino energy, as a function of neutrino energy. Solid lines
show theoretical predictions for the total cross section as well as the different interaction
types that contribute to the total, highlighted in different colors. Data points come from
numerous experiments which are listed in the image source [19].

combination of mass eigenstates (v1, v, v3)

va) = Z Usilvi) (1.4)

where |v,) are the flavor eigenstates, |v;) are the mass eigenstates, and U}, is a 3 x 3
unitary mixing matrix known as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
[9, 10]. We can then derive the oscillation probabilities, using an approximation that the
neutrinos are plane waves [20]. The full calculation requires a wave packet or quantum
field theory treatment, however the plane wave approach will reach the same result for the
purposes of this thesis.

Assume a neutrino of flavor « is produced at time tg. From Eq. 1.5 we can then write it
as a superposition of the mass states that we have assumed to be plane waves with spatial

momentum p (and we are using natural units with & = ¢ = 1),

va(to)) = ZU&M(P»- (1.5)
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The mass states are eigenstates of the free Hamiltonian:

Hlvi(p)) = Ei(p)|vi(p)), Ei(p)* =p° +m; . (1.6)

The time evolution operator taking the state from ¢y to t is given by e~ (t=t0)  The flavor

state at time ¢ is then

va(t)) = e (1)) Z e~ PRIy (p)). (1.7)

We can then compute the probability that the state is in flavor 8 at time ¢

2
P(ve — v5)(t) = |(vs|va(t) ZUBZU* —iBi(p)(t—to)| (1.8)

where we have applied the relation (v;(p)|vj(p)) = di; -
The neutrinos in the NOvA experiment are ulta-relativistic which allows us to make

the approximations
()2 (D)2 J 4
Ei(p)° — Ej(p)° ~ = +O0(m?), L~ (t—tp) . (1.9)

The final equation for the probability is then

2
AmZ. L

P(ve — vg) = Z 5 UgiUasUpy € 20T (1.10)

where we have defined the mass splitting term Amfj = m? — m? If we define W% =

[UaiU 5:Ua5U, 5i) and apply the unitarity of the mixing matrix, we can rewrite the probability

as

P(vy — 1) = 5a5—4ZRe[W%] sin? (
Jj>i

AinL
>i2ZImWJ sm< 2EJ > (1.11)

7>
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where the plus(minus) sign refers to neutrino(antineutrinos), and |p] ~ E,, . In this form,
we can clearly see how the probabilty “oscillates” sinusoidally as a function of L/FE, hence
the term oscillations. We can also see how the oscillations depend on the neutrinos having
non-zero and non-degenerate masses. For the case where 8 = « (the “survival probability”)
this simplifies to

Am?2.L
Py = ve) =1— 42; Ui [?|Uqil? sin® <4EJ:> (1.12)
J>1

1.2.1 2-flavor oscillations

We can examine the oscillation probability in the simpler case of two-flavor oscillations.
This is a useful approximation when considering how to design an oscillation experiment,
as you will typically focus on a single oscillation channel (v, — v, for example). In this

case, the PMNS matrix is a simple 2D rotation matrix

cosf sin9> (1.13)

UpmNs = (— sinf cosf

and there is only a single mass splitting Am?. The oscillation probability becomes [20]

Am?2(eV?) L(km)
E,(GeV)

P(vy — vg) = sin? 20 sin® (1.27 ) ., a#pB (1.14)

P(vg = vo) =1—P(vg = vg) , (1.15)

where we have introduced factors of A and ¢ in order to convert to more familiar units.
Equation 1.14 is known as the “appearance probability” since the observed final state is
different than the initial, and Eq. 1.15 the “disappearance” or “survival” probability. The
appearance probability is plotted in Fig. 1.5 as a function of the baseline L (distance

between source and detector) and energy. We can see that it is a sinusoidal function of the
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baseline, with a wavelength set by the oscillation length

E,(GeV)

T 1.16
1.27 Am2(eV?) (1.16)

Lose(km) = 27
The amplitude of the oscillation is determined by the mixing angle in the leading sin?(26)
coefficient. It is maximal for 6= 7 /4.
In experiments which have a fixed baseline, we instead typically measure the oscillation
probability as a function of energy (RHS of Fig. 1.5). The peak of the first oscillation
maximum (from right to left) is given by

Am?2(eV?) L(km)

72 , (1.17)

Epaz(GeV) = 1.27

which tells us about the mass splitting.

When designing a neutrino oscillation experiment in vacuum, the optimal settings will
have the ratio of energy and baseline tuned to match the mass splitting you want to
measure: E/L ~ Am?. In the case where E/L < Am? you are in the fast oscillation
regime, where the experimental energy resolution is limiting. In the opposite case E/L >

Am? the mass splitting and mixing angle cannot be disentangled [20].

Prob (@ — B)
5
Prob (a - B)

VE max
L E

Figure 1.5: The oscillation probability in the two-flavor approximation, plotted as a
function of baseline L with fixed energy (left), or as a function of energy E with a fixed
baseline (right). From [20].
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1.2.2 Matter Effects

When neutrinos travel through matter, the oscillation probabilities are modified. The
electron neutrinos can undergo coherent forward-scattering off the electrons present in
the matter that is being traversed. This is known as the Mikheyev-Smirnov-Wolfenstein
(MSW), or “matter”, effect and manifests as an additional potential applied to the v, states
[21, 22|

V. = £V2GEN,. (1.18)

Here Gr is Fermi’s constant, N, is the electron number density, and the sign is positive

for neutrinos, negative for antineutrinos. This results in an effective Hamiltonian
m2
Hop =) UpigUt + Aag (1.19)
i

where U is the PMNS matrix and the potential is introduced in the term A,g = 6450qeVe,
which applies only to the electron neutrino states [15]. The solution to the Schrodinger
equation with this effective Hamiltonian in the case of two-flavor oscillations can be written

as Eq. 1.14 but with the Am? and sin?(26) terms replaced by the effective terms [20]

Am? — Ami, = \/(Am2 c0s 20 — 2v/2EGEN,)2 + (Am2 sin 26)2 (1.20)

(Am? sin 26)?

.92 )
sin® 20 — sin” 20,y =
(Am3,)?

(1.21)

In the limit where N, goes to zero, this reduces to the vacuum oscillation probability.
From this we can see how the matter effects give us sensitivity to the sign of Am?. Note
that the first term inside the square root in Eq. 1.20 depends on the relative signs of Am?
and the potential term V, which is positive (negative) for neutrinos(antineutrinos). There-
fore the oscillation probability P(v, — v.) is different for neutrinos versus antineutrinos,

as well as for different signs of Am?.
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1.2.3 3-flavor oscillations

We now consider the full 3-flavor oscillation probability in matter for NOvA. The 3 x 3

PMNS matrix can be written in the form

1 0 0 C13 0 5136—i5cp ci2 s12 0 1 'O 0
U = 0 C23 S923 0 1 0 —S12 C12 0 0 et 0

0 —s23 co3 —8136i6cp 0 C13 0 0 1 0 0 elas
(1.22)
c12€13 s 512€13 s s13e”CF ‘ ,
— : (10% 105
= | —s12c23 — 612823813{5; O ciac93 — S12523813€" EP spzc1y | x diag (1,2, ')
512823 — €12€23513€"°CF  —C12893 — $12€23513€°CF  co3C13
(1.23)

where s;; = sin6;; and ¢;; = cos 6;; with 6;; being the three mixing angles. Here dcp is the
CP-violating phase, and «;; are Majorana phases which do not enter into the oscillation
probabilities and can be ignored. The oscillation probability (Eq. 1.11) is then determined
by three mixing angles, 013, 012, 023, two mass splittings Am%l and Am%z, and the CP vi-
olating phase dcp'. The angles define the amplitude of the oscillation probability, and the
mass splittings define the frequency of oscillation and position of the oscillation maximum
as a function of L/E. Neutrino oscillation experiments will have different sources of neutri-
nos as well as different L/E that make them sensitive to different oscillation parameters.
The main sources are solar neutrinos, neutrinos from nuclear reactors, neutrinos from par-
ticle accelerators (i.e. man-made neutrino beams), and atmospheric neutrinos from cosmic
ray interactions in the atmosphere. To date, all of the mixing angles and mass split-
tings have been measured to a few percent uncertainty. Table 1.1 summarizes our current
knowledge of the parameters and notes the type of experiments that are sensitive to each.

For NOvVA, we are concerned with the disappearance oscillation channel P(v, — v,)

and the appearance oscillation channel P(v, — v.). We can simplify the subsequent

1Tt is also possible to define a third neutrino mass splitting Am?2;, which is related to the other two via
the equation Am3, + Am3, = Am3,. This may appear in some calculations.
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Parameter ‘ Approx. Value ‘ Experiment Type

023 45° Atmospheric, Accelerator

013 8.5° Reactor, Accelerator

012 33° Solar, Reactor
Am%2 +2.5 x 1073eV? | Accelerator, Reactor, Atmospheric
Am2, 7.5 x 107%eV? Solar

ocp ? Accelerator

Table 1.1: Summary of our current knowledge of the oscillation parameters. Approximate
values of the mixing angles and mass splittings derived from the Particle Data Group
summary tables [23]. Each of the angles and mass splitings has been measured to a
few percent uncertainty. The value of Am%2 has been measured but not the sign. The
parameter dcp has not yet been measured to a high degree of precision. The right column
lists the types of neutrino oscillation experiments that are sensitive to a given parameter.
For 613 the sensitivity primarily comes from reactor neutrino experiments, and for 612 the
sensitivity primarily comes from solar experiments.

equations in this section by defining [16]

Aij = ] . (124>

For P(v, — v,) we start with Eq. 1.12 for the oscillation probability in vacuum

P vy = vp) =1 =4 UUsUsUpisin® (A;)

w ' pi
>0

=1-d (|Uu2|2 U]? 8% (A1) + [Upsl? [Upal® s* (As2) + [Ups|* Uy [* 67 (A?’l))
~ 1 — 4 (e siachscly 87 (A1) + c33¢Ts 33 8% (Aga) + By 875 535 57 (A31))
(1.25)
where in the last step we have made an approximation based on current experimental
knowledge that 63 is small relative to the other mixing angles [23], and so sin? 63 ~ 0
and cos? @3 ~ 1. We can make a further approximation using the relationship between

the mass splittings. We know |Am3; | to be ~30 times smaller than |Am3, |, which lets
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us approximate |Am3, | ~ [Am3; | [23]. We can then write Eq. 1.25 as

Py, —uv,)~1- 4 cos? Oy3 sin? O3 (COS2 019 + sin® 912) sin® (As2)
=1- (2 COS (923 sin 923)2 Sin2 (Agg) (1'26>

=1- sin2 2923 sin2 (Ag,g) .

To leading order we have recovered the result for the two-flavor approximation from Sec.
1.2.1. While the matter effects do play a role in the disappearance channel, it is known to
be a very small correction compared to that for the v, appearance channel [24]. Therefore
for our purposes this approximation will suffice.

The full v, appearance oscillation probability in vacuum, from Eq. 1.11, can be written

as

P(vy, = ve) = Pagm + Paol + 2/ Pagm Peol (cos Azg cos dcp Fsin Agasindcp) ,  (1.27)

where the F sign is minus (plus) for neutrinos (antineutrinos), and we have introduced the

terms 2

Paim = sin?(0a3) sin?(20;3) sin?(As:) (1.28)
P, = 0082(023) COS2((913) Sin2(2012) sin® (Ag1) . (1.29)

As with the disappearance probability, we have approximated by dropping higher order

terms in sin® #13. Including the matter effects, these equations become [25, 26]

sin?(As; F al) A2

Patm = sin2(923) sin2(2913) (Agl - CLL)2 31

(1.30)

sin?(Fal)

Psol = COS2(923) COSZ(913) sin2(2912) :FCLL

A3, (1.31)

2The subscripts atm and sol stand for "atmospheric" and "solar", after the As; and Az parameters
that appear in each term which have been measured by atmospheric and solar neutrino experiments
respectively.
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where a = 2v/2G N, and the Fsigns are negative for neutrinos, and positive for antineu-
trinos. As described in Sec. 1.2.2, the relative signs of the matter potential terms a and
the mass splittings will result in changes to the oscillation probability. From Eq. 1.27 we
can also see how we get sensitivity to dcp in the appearance channel. If dcp is equal to
0 or m, then the last sine term is 0, and the overall oscillation probability in vacuum is
the same for both neutrinos and antineutrinos, implying CP conservation. However, if dcp
takes on any other value, then CP is violated, and we get different oscillation probabilities
for neutrinos and antineutrinos. This effect will compete with the matter effects when
enhancing or suppressing the appearance rate for v, (7,) in NOvA, discussed further in

the next section.

1.3 Measuring Neutrino Oscillations

The goals of NOvA’s 3-flavor oscillation analysis are to
e Measure the value and octant of 693
e Measure the magnitude of Am3,
e Constrain the values of dcp
e Determine the neutrino mass ordering (the sign of Am2,).

The octant of #a3 refers to whether a3 is greater than w/4 (upper octant) or less than /4
(lower octant). fa3 = 7/4 is referred to as maximal mixing. If the mixing is maximal then
it would imply the v3 mass state has an equal mix of v, and v, states, hinting at some
fundamental symmetry in the lepton sector.

The neutrino mass ordering (also sometimes called the neutrino mass hierarchy) refers
to the question of whether the third neutrino mass state is the heaviest or the lightest.
In oscillation measurements we don’t measure the neutrino mass directly, only the mass

splittings. It is known that the solar mass splitting Am3, is both small and positive,
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implying that 11 and vy are of similar mass, and ms is heavier than m;. However, the sign
of Am?,,2 is unknown. This leads to two possible orderings of the mass states, shown in
Fig. 1.6. For the “normal” mass ordering, the v3 state is the heaviest, which results in a

positive Am3,. For the “inverted” ordering, v is the lightest, which results in a negative

Am3,.
ye y,u VT
I ;v I 2
 —
Am322
2
Ams,
I >
2
Am;y I, v, v; | —
Normal Hierarchy Inverted Hierarchy

Figure 1.6: A schematic showing the two neutrino mass ordering possibilities, where the
third neutrino mass state is either the heaviest (normal ordering) or the lightest (inverted
ordering). Colors show the rough flavor composition of each state, with the diagonals
representing varying values of dcp. From [16].

The two oscillation channels we measure probe the parameters in different ways. In
the v, disappearance channel P(v, — v,) we observe the disappearance of v, (7,)
as they travel from our beam source to the far detector and oscillate into other flavors.
Fig. 1.7 shows a toy model of the far detector v, energy spectra for two different values of
oscillation parameters, compared to a no-oscillations case. Taking the ratio of the oscillated
to unoscillated spectra, we get a characteristic dip shape. Measuring the location and depth
of the minimum will tell us the values of Am3, and sin? o3 respectively. However, the
oscillation probability is symmetric about 93 = 7/4, which prevents us from determining
the octant of 693 by this channel alone. To make that measurement, along with the other
goals, we turn to the appearance channel.

In the v, appearance channel P(v, — v.), we are sensitive to the value of dcp, the
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Figure 1.7: Left: Toy model of NOvA’s observed far detector v, energy spectrum in
the case where there would be no oscillations, vs. two examples with oscillations using
different oscillation parameters. Right: The ratio of each of the oscillated spectra to
the unoscillated spectra. The location and depth of the minimum are determined by the
oscillation parameters. From [27].

octant of fa3, and the mass ordering. The octant of A3 will lead to an overall enhancement
or suppression of v, (7.) appearance. As discussed in the previous section, the matter
effects and CP violation lead to differences in the appearance probability for v, (7,) events,
and this difference changes when considering the normal or inverted mass orderings. From
the matter effects, in the normal mass ordering, we see an enhancement of v, appearance
and a suppression of v, appearance. In the inverted ordering, we an enhancement of v,
appearance and a suppression of v.. How these combine with the effects from the value of
dcp can be visualized in Fig. 1.8. This shows the appearance probability for v, vs. the
appearance probability for v, at NOvA’s baseline and energy, for different combinations of
the mass ordering, value of dcp, and octant of 23. We can see that for certain combinations
of dcp and mass ordering, the enhancements/suppressions work in the same direction,
leading to a large asymmetry in the probability between v, and v, appearance (normal
mass ordering with dcp = 37/2 for example). For other combinations, the effects work in

opposite directions, canceling out to give a similar appearance probability for v, and v..
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Figure 1.8: The probability of v, — v, vs. v, — v, oscillations for different combinations
of the neutrino mass hierarchy, and octant of f3, with the value of dcp varying to trace
out the ellipses. The normal hierarchy (NH) is shown in blue and the inverted hierarchy
(IH) in red, with 633 values in the lower and upper octants on the left (LO) and right
(UO). From [28].
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Chapter 2

The NOvA Experiment

2.1 Introduction

The NuMI Off-Axis Neutrino Experiment (NOvA) is a long-baseline neutrino oscillation
experiment based at Fermilab in Batavia, IL. Figure 2.1 shows the experimental setup. It
uses two functionally identical detectors separated by a baseline of 810 km to measure the
oscillation of neutrinos produced by the Neutrinos at the Main Injector (NuMI) beam. The
smaller Near Detector (ND) is located 105 m underground, 1 km from the beam source at
Fermilab, and samples the neutrino interactions immediately after they are produced. The
neutrinos then travel through the Earth 810 km north to the much larger Far Detector (FD)
located on the surface in Ash River, Minnesota, where their interactions are sampled again
after oscillating. The beam is primarily made up of muon neutrinos, and the oscillation
channels that we measure are v, (7,) — ve (7e) and v, (7)) — v, (9,). Measuring the
disappearance of muon neutrinos and the appearance of electron neutrinos lets us measure
the mixing angle a3, the neutrino mass-splitting Am3,, and the CP-violating phase dcp.
Both detectors are located slightly off-axis of the beam to optimize the measurement of
the mass ordering (the sign of Am3,). This chapter describes the experimental design
of NOvVA, starting with the beam and then the detector designs, including their off-axis

placement.
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Figure 2.1: Left: Side view depiction of the NOvA experimental setup (not to scale) [29].
Note the location of the near detector and beam source underground at Fermilab, the far
detector aboveground, and the path the beam takes through the earth. Right: Top-down
view showing the geographic location of the detectors as well as the off-axis location of the
EFD [30].

2.2 The NuMI Beam

Neutrinos at the Main Injector (NuMI) is used to create the neutrino beam source for
NOvA. It works by impinging a 120 GeV beam of protons on a graphite target, producing
hadrons (including charged pions and kaons), that are then focused before decaying to
produce neutrinos, primarily through the 7#1(=) — vy (Du) + p (=) channel. The beamline

components are illustrated in Fig 2.2.

Absorber Muon Monitors

Graphite
Target \| Target Hall

= N
420Gey Horns#1  #2 _ 47
Proton Beam
From 20m 30 m

Main Injector

Hadron Monitor Sm 2m 18m  210m

Figure 2.2: All of the main components of the NuMI beamline (not to scale). Particles
shown correspond to the Forward Horn Current (FHC) configuration. Image from [31].
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2.2.1 The Proton Beam

The Fermilab accelerator complex that produces the proton beam is illustrated in Fig. 2.3.
The protons initially start out as H™ ions from an ion source. They are produced with
an energy of 35 keV and are immediately accelerated to 400 MeV by a linear accelerator
called the Linac. They then enter the first accelerator/storage ring called the Booster.
Here, the electrons are stripped off using a carbon foil, leaving only protons, which are
accelerated further to 8 GeV. A kicker magnet then sends the protons in 1.6 us-long batches
to the larger storage ring called the Recycler Ring, which sits directly on top of the final
accelerator, the Main Injector. The Main Injector and Recycler have a circumference 7x
that of the Booster, so they can accommodate 6 batches at a time, with some overhead
for the kicker’s rise and fall time. The Recycler uses a process called “slip-stacking” which
allows two batches to be combined for double the intensity [32]. After accelerating the 12
(6 pairs of slip-stacked) batches of protons to their full energy of 120 GeV, they are then
sent to their final destination in the NuMI target hall. Fach set of 12 batches is referred
to as one “spill”, and delivers up to ~ 5 x 10'3 protons to the target over the course of
10 ps [32]. During normal running conditions the time between spills is ~1 second. The
total number of protons delivered is referred to as the amount of protons-on-target (POT)
and is used as the metric for how much data we’ve accumulated. The beam power varied
significantly over the course of NOvA’s data taking as upgrades to beamline components
were implemented, increasing the amount of POT per spill, and reducing the time between
spills. The beam ranged from ~500 kW up to a recent record of 1 MW, with an average
beam power of ~700 kW.

2.2.2 The NuMI Target

The production target of the NuMI beam is a series of 48 thin graphite fins. Each fin is
25 mm long in the beam direction, and 9 mm across. The fins are spaced 0.3 mm apart,

giving a net target length of ~120 cm, or approximately two interaction lengths [34].
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Figure 2.3: Illustration of the main components of the Fermilab accelerator complex
which provides protons for the NuMI beam. Image from [33].

Figure 2.4 shows an image of the target, while the target’s placement in the full NuMI
beamline can be seen in Fig. 2.2. The target is long in order to increase the number of
hadrons produced, and thin to allow the produced hadrons to escape out the sides without
undergoing too many secondary interactions in the target, thus maximizing the neutrino
flux. The thinness of the target is balanced against the requirement that it be robust
enough to endure the high intensity proton beam, which requires a large enough target
so that the energy deposited per unit volume is not too high, with a maximum simulated
temperature of 913° C [34]. To help reduce the heat generated by these depositions, the
fins have been brazed onto two stainless steel pipes that run along the beam direction and
provide liquid-based cooling [35].

Just upstream of the target sits a collimating baffle that protects the more sensitive
downstream components from any misdirected proton beam. It is composed of a cylin-

drical graphite rod 57 mm in diameter and 1.5 m long, encased in a thin aluminum tube,
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Figure 2.4: Photograph of the NuMI target in its carrier. The individual fins can be seen
on top with one of the liquid cooling pipes running below. Image from [36].

with an 11 mm diameter hole running down the center for the beam to pass through.
Thermocouples attached to the downstream end of the baffle can detect any misdirected
beam as a sudden increase in temperature. It is able to withstand several spills of the
full intensity proton beam, long enough for the misdirected beam to be detected and shut
off. The beam is designed to be operated with up to 3% of it hitting the inner wall of the

baffle, but under normal operation it sees less than 1% [35].

2.2.3 The Focusing Horns

Downstream of the target are two magnetic “horns” that act as lenses to focus hadrons
produced at an angle to the beam axis, thus increasing the resulting neutrino flux in the
forward direction. They are made of aluminum, with the inner conducting surface of rev-
olution in the shape of a parabola. Current is run through the horns to produce a toroidal
magnetic field, which focuses either positively or negatively charged hadrons depending on
the direction of the current. Any hadrons that are under or over-focused in the first horn
are refocused by the second horn, and particles of the opposite charge are ejected. Figure
2.5 illustrates this concept. We call the mode that focuses positively charged hadrons
the Forward Horn Current (FHC) mode, while negatively charged hadrons are focused in

Reverse Horn Current (RHC) mode. The primary decay mode is (=) - 37” +ut() | so
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Figure 2.5: Illustration showing potential paths taken by hadrons produced in the target
and subsequently focused by Horn 1 and/or Horn 2. Hadrons that are over or under-
focused by the first horn are re-focused onto the beam axis by the second horn. Particles
produced directly on-axis are unaffected. This diagram shows the Forward Horn Current
(FHC) configuration. For Reverse Horn Current the current would flow in the opposite
direction, flipping the magnetic field direction, and instead focusing negative pions and
kaons, while ejecting positive ones. Note that this diagram has the target inside horn 1
(the MINOS configuration) while for NOvA it is pulled back to be just outside horn 1, but
the focusing concept is the same. Image from [37].

FHC corresponds to a neutrino beam, and RHC corresponds to an antineutrino beam. In
either mode, if a particle is traveling directly along the beam axis, it will not be affected by
the magnetic fields, and can pass through. This will lead to a small amount of 7, (v,,) being
produced in the FHC(RHC) beam. We refer to these unwanted opposite-sign neutrinos as
“wrong-sign” neutrinos, and they constitute one of our irreducible beam backgrounds.
Adjusting the position of the horns and target will change the resulting energy distri-
bution of produced neutrinos. Lower energy hadrons will tend to contain a higher relative
transverse momentum, and so will be traveling at higher angles relative to the beam direc-
tion. Thus, placing the first horn closer to the target will capture more of the low-energy
hadrons, and in the case of the so-called “Low-Energy” configuration where the target is
placed entirely inside Horn 1, all angles are captured. Moving either Horn further away
from the target will then select for higher-energy hadrons and neutrinos. For NOvVA, a

“Medium-Energy” configuration was selected, where Horn 1 is placed 15 cm from the down-
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stream end of the target, and Horn 2 is placed 10 m from the upstream end of Horn 1. The
resulting energy distribution was shown to give the best sensitivity to the mass ordering

when considering both FHC and RHC running [38].

2.2.4 The Decay Pipe and Absorber

After the hadrons have been focused by the horns they travel through a large steel pipe
(the decay pipe) to facilitate their decay and production of neutrinos. The pipe is 2 m
in diameter and 675 m long, and is placed 50 m downstream of the target. Initially
the inside was vacuum until corrosion was discovered on one of the beam windows. It
was then filled with helium to slightly below atmospheric pressure. This relieved some
pressure on the beam window to ensure it didn’t fail, while preventing further corrosion
and maintaining a low density environment for the particles to decay in. Just beyond the
end of this pipe sits the hadron absorber, a large box-shaped structure 5.5 m wide x 5.6
m tall X 8.5 m long, with an aluminum core surrounded by layers of steel and concrete.
It serves to absorb most of the remaining non-neutrino particles in the beam, preventing
unwanted particles from reaching the near detector, as well as protecting groundwater and
personnel from excess radiation [35]. The hadron absorber is instrumented upstream with
a 7 x 7 grid of helium-filled ionization chamber detectors, with a total area of 1 m x 1 m.
Called the “hadron monitor”, it measures the residual hadron flux, and is used to gauge
the quality of the NuMI target and track alignment of the target and horns to within 0.1
mm [31]. Muons and, of course, neutrinos are able to pass through the absorber. There
is 240 m of dolomite rock in-between the end of the NuMI beamline and the ND hall,
with additional ionization chamber detectors placed in alcoves in the rock downstream
of the absorber. These “muon monitors” are slightly larger with an area of 2.3 m x 2.3
m, and measure the two-dimensional profile of muons at different energies. As we move
downstream, lower-energy muons are ranged out by the rock, and so the monitors have
increasing muon detection thresholds of 4, 10, and 20 GeV [35]. Observing these muons

provides an additional measure of the quality and intensity of the beam. The positions of
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the absorber, monitors, and rock in the beamline can be seen in Fig. 2.2. The last 210 m
of rock serves to range out the majority of remaining muons, and we are left with our final

beam of neutrinos.

2.2.5 Off-axis detector location

Another important aspect of the NOvA experiment is the placement of the detectors 14.6
mrad (0.865°) away from the central beam axis. This is done to optimize the v, appearance
channel, given the two-body decay kinematics that produce the majority of our neutrinos.
In their own rest frames, the pions and kaons decay isotropically, giving mono-energetic
neutrinos. However, in the lab frame, the pions decay-in-flight, and the neutrinos are
Lorentz-boosted. In the case of m — v + u, the energy of a neutrino with a small angle 0

relative to the pion direction is given by

0.43E;

B, =t
1+ 262

(2.1)

where E is the energy of the pion, v is %’r and my is the mass of the pion [38]. For a

detector with area A at a distance z, the flux of neutrinos is given by

@:( i )2 4 2.2

1+7202) 4mwz?

These distributions are plotted for NOvA’s baseline of 810 km in Figure 2.6. As we move
further off-axis, the energy distribution becomes more narrowly peaked at lower energies,
and at 14 mrad it lines up with the first oscillation maximum for v, — v, oscillations
for a 810 km baseline. Having the peak of our energy distribution here maximizes the
amount of v, appearance events we can observe. Alongside the increased flux in the region
of interest, the narrow peak in energy results in reduced backgrounds from neutral current
(NC) neutrino interactions, allowing even better measurement of v, appearance signals.

Because no charged lepton is produced in a neutral current event, the neutrino often carries
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away most of the energy, and so high-energy NC events will “feed down” to lower energy

and may look like v, events. Since we have a narrow-band beam, there are much fewer

high-energy events to feed down into our signal region, whereas a wide-band beam would

lead to larger NC backgrounds [38].
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Figure 2.6: Neutrino energy (a) and event rates (b) of neutrinos at the FD for different
off-axis angles, assuming a baseline of 810 km. Taken from [39] and [40].

2.2.6 Final Beam Components

| Beam Mode | v, | v, | ve+ Ve |
FHC 95% 1%
RHC 6% 1%

Table 2.1: Summary of the predicted flavor profile of the NuMI beam in each running
mode. Numbers represent flux integrated over the 1-5 GeV energy range in the absence of

oscillations.
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The calculated amount of each neutrino flavor in the final beam is summarized in
Table 2.1. The beam is composed primarily of muon neutrinos in FHC mode, and muon
antineutrinos in RHC mode, with a small amount of wrong-sign and v, (7.) backgrounds
in each case. The primary decay modes for the pions and kaons that produce the muon

(anti)neutrinos are summarized in Table 2.2.

Decay Mode Branching Fraction (%)
™ = v, +pT | 99.98770 + 0.00004

T — v, +p | 99.98770 + 0.00004

K™ — v, +p" | 63.56 £ 0.11

K~ — v, +u | 6356+ 0.11

Table 2.2: The primary decay modes of the mesons that produce the neutrinos for our
beam, along with their corresponding decay fractions [23].

Alongside the wrong-sign neutrinos discussed in Sec. 2.2.3, the other significant intrin-
sic beam background is a small amount of electron neutrino contamination coming from

muon decay, as well as from some of the rarer kaon decay processes. These are summarized

in Table 2.3

Decay Mode Branching Fraction (%)
pt— v, et + v | & 100

pwo = v, e +rve | =100

Kt = 7%+ et + v | 5,07 £0.04

K- —a’+e +v, |507+0.04

Table 2.3: The decay modes of particles that contribute the most to the intrinsic electron
neutrino backgrounds in our beam, along with their corresponding decay fractions [23].

Figures 2.7 and 2.8 show the beam flux distributions at the ND for each of the different
neutrino types, broken down by the parent particle that decayed to produce it. The pion
decays contribute the most around the desired beam energy range of 2 GeV, while the

kaons mostly contribute to the higher energy neutrinos around 7 GeV for v, (7) and 12

GeV for v, (7).
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Figure 2.7: FHC energy distributions for different neutrino types at the ND, broken down

by parent meson. Plots taken from [41]
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2.3 The NOvVA Detectors

NOVA uses two low-Z segmented tracking calorimeter detectors to measure neutrinos from
the NuMI beam before and after oscillations. The two detectors are made to be functionally
identical, which will allow some cancellation of systematic uncertainties related to beam
composition and cross sections (discussed further in Sec. 5.5). The detectors differ mainly
in their size (shown in Fig. 2.9) and placement relative to the Earth’s surface (recall Fig.
2.1). The 0.3 kiloton near detector has dimensions 3.9 m wide x 3.9 m tall x 15.9 m long.
It is located 105 m underground at Fermilab, about 1 km from the beam source. The
much-larger 14 kton far detector has dimensions 15 m wide x 15 m tall x 60 m long and is
located on the surface 810 km away in Ash River Minnesota. Both detectors are centered

slightly off the beam axis, with the FD at an angle of 14.6 mrad.

Figure 2.9: Diagram showing the scale of the detectors, along with a zoom-in on the
essential components. On the right is the basic unit, the cell, with its wavelength shifting
fiber connected to the pixel of an APD. These cells are stacked to form planes, which are
then alternated to make up the full detector. From [40].

In order to meet our physics goals of measuring the oscillation channels v, — v, and
v, — Ve, the detectors need to be able to identify and differentiate between particles
that make tracks, like the muons produced in v, CC events, and those that make showers

such as the electrons in v, CC events. To this end, low-Z materials were used which give
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a long radiation length. In combination with a fine-grained segmented detector, we have
the position resolution to be able to distinguish electron showers from muon tracks and
other hadronic backgrounds. Of particular note is the background coming from neutral

O can be produced, which

current (NC) neutrino events. In NC neutrino interactions a 7
then promptly decays to two photons. If the showers from these two photons coincide
it can mimic the shower made by electrons in v, events. However, the photons travel a
short distance before showering, and with our detector’s resolution we can see this as a
displacement of the photon showers from the neutrino interaction vertex. The electron from
a v, event, on the other hand, will have its shower begin immediately at the interaction

vertex. This section will go into more detail on how the detectors function in order to

achieve this goal.

2.3.1 From Cells to Full Detector

The fundamental unit of the detector is a polyvinyl chloride (PVC) cell filled with liquid
scintillator, with a loop of wavelength-shifting fiber-optic cable running the length of the
cell to trap and transport light to the readout electronics. Figure 2.10 shows a diagram.
The cell has a cross-section of 6.6 x 3.9 cm, and a length of 15.5 m (3.9 m) in the FD
(ND).

The PVC cells are made via an extrusion process where they are compounded with
Titanium Dioxide to increase the reflectivity of the walls [42]. Simulations showed that,
on average, light produced in the cell will be reflected 8 times before getting trapped and
transported in the fiber, and so a 1% increase in reflectivity leads to ~8% more light
collected [42]. This is particularly relevant in the far detector, where the long length of
the cells can lead to significant attenuation of light in the fibers. The scintillation liquid
is made of 95% mineral oil, with the remaining 5% being pseudocumene and additional
trace elements to increase the light yield. This liquid constitutes the 65% active mass of
the detectors, while the PVC makes up the remaining 35% inactive material. The looped

optical fiber has each end attached to one pixel of an avalanche photodiode (APD) at the
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Figure 2.10: Diagram of essential cell components. Top dimensions refer to liquid volume.
Images taken from [42].

end of the cell, which amplifies and digitizes the signal. This looped shape allows light to
travel in either direction towards the APD, increasing light yield by a factor of 4 compared
to a single non-looped fiber [38|. The fiber additionally shifts the collected light to the 490
- 550 nm range where the APDs have a higher quantum efficiency [43].

The cells are extruded in groups of 16 (see Fig. 2.10) and then stacked and glued
together to form planes 384 (96) cells wide in the FD (ND). The planes are arranged in
alternating horizontal and vertical orientations, which gives us both an “X view” and “Y
view” of the detector (see Figure 2.11). The horizontal planes provide the Y view, and
the vertical planes provide the X view. By combining both views, we can then get full 3D
particle track reconstruction in our detector (more on how this works in Sec. 4.1). The FD
has 896 total planes, and the ND has 214 planes. The final 22 planes at the downstream
end of the ND are interleaved with 10cm-thick steel plates whose purpose is to range out
any produced muons. This section of the ND is called the “muon catcher”. Its planes are

slightly smaller than those in the main volume of the ND, standing 2/3rds as tall, since
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Figure 2.11: Schematic showing what the X and Y views of the NOvA detector look like
for an example neutrino event. Image from [44].

the steel was reused from a smaller prototype detector called the Near Detector On the

Surface (NDOS).

2.3.2 The Data Acquisition System

Every cell constitutes one channel connected to one pixel of an APD. With 896 planes and
384 cells per plane that amounts to 344,064 channels in the FD (and 20,192 in the ND)
whose signals need to be constantly read out and digitized. The Data Acquisition System
(DAQ) handles all these signals simultaneously, while keeping the time synchronized across
devices and triggering on relevant physics activity [45].

The APDs are the first step in the DAQ. Each of 32 pixels on an APD is a separate
channel, reading in light from the fibers, amplifying them, and then converting it to an
electric signal. To keep the electronic noise levels low, the APDs are connected to thermal-
electric coolers which maintain a -15° C operating temperature, while dry nitrogen gas is
pumped into the APD housing to prevent condensation on the connecting surface.

Each APD constantly sends its 32 independent signals to a Front-End Board (FEB),

which contains relevant electronics for low-level processing. An Application Specific In-
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Figure 2.12: Overview of the Data Acquisition System for the FD. The ND is similar,
but with a smaller number of channels. From [46].

tegrated Circuit (ASIC) first shapes the pulses to give them a characteristic rise and fall
time. An Analogue to Digital Converter (ADC) then converts the shaped pulses to a dig-
ital signal. Finally, a Field Programmable Gate Array (FPGA) adds a timestamp to the
signals, and passes any with an amplitude above a threshold to the Data Concentrator
Modules (DCMs). Signals above threshold that get read out in this way are also referred
to as "hits". Each DCM collects signals from 64 FEBs to consolidate into a 50 us-long data
packet called a “microslice”. These microslices are sent to a farm of buffer nodes where
they are stored for up to 16 minutes while their information is analyzed and a triggering
decision is made. Because of the large number of channels and high rate of cosmic events

(~150 kHz) in the far detector, these microslices can amount to >1 Gb/s of data being
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created.

There are several different types of triggers that can cause data to be permanently
saved by the Data Logger for later anaylsis. Timing-based triggers save all data around a
specific point in time. For example, the FD cosmic minimum-bias trigger saves a 550 us
window of data every 100 ms. Signal-based triggers save a specific amount of data when
an external signal is received. An example of this is the NuMI trigger, which saves 500 us
of data centered around the 10 us beam-spill. Finally, we have data-driven triggers that
use information in the microslices to determine whether to trigger or not. The supernova
trigger looks for a large number of small clusters of hits as an indicator that a supernova
is occurring, and will read out a variable window of data based on the clusters [47].

In order to facilitate this precise triggering and hit readout, a strict and uniform timing
system is required. Time Distribution Units (TDUs) connect to multiple DCMs and keep
them all synced to the same local time provided by a Master TDU (MTDU) which is itself
synced to a Global Positioning System (GPS) to maintain consistent timing between the

two detectors and the Fermilab accelerator complex providing the beam.

2.3.3 File organization

Data from each trigger is saved separately to its own set of files. Each file will contain
many instances of that trigger, organized by time into runs and subruns. A run consists
of multiple subruns, and the length of a subrun varies by detector and running conditions.
In the near detector, a new subrun is started approximately every hour. At the FD, it is
determined by the trigger rate. Each trigger is writing to its own set of files and when
a total file size limit is reached for the current subrun, a new subrun is started. This
is usually caused by the cosmic trigger, and results in a few subruns per hour. Groups
of runs can be organized into data taking periods, sometimes called “epochs”, which are
determined by larger changes in beam running conditions, such as switching from FHC to

RHC running, or entering a beam shutdown period in the summer months.
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2.3.4 Event Display and Detector Differences

Figures 2.13 and 2.14 show event displays of NuMI trigger data for the FD and ND,
which are useful for illustrating some of the key differences in the two detectors. The
FD, being located on the surface of the earth, experiences a high rate of cosmic events,
which can be seen in Fig. 2.13a. We can mitigate this background by zooming in on only
the data that occurs in the beam spill window. This is shown in Fig. 2.13b, revealing a
beam neutrino event. The ND, being located underground, experiences significantly less
cosmics. However its proximity to the beam source means it sees a much higher flux of
neutrinos, with several events occurring every spill (compared to ~1 a week at the FD).
Additionally, there are neutrino events that occur in the rock surrounding the detector,
with the particles produced in the events (primarily muons) being another background at
the ND. The multiple neutrino events and rock muons can be seen in Fig. 2.14. To deal
with this pile-up of events, the ND samples each channel of the APD at a higher rate than
at the FD. This is shown in Fig. 2.14b where we can distinguish multiple tracks within a
single beam spill. The rate at the ND is 8 MHz, or one digitization (ADC readout) every
125 ns. The rate at the FD is 2 MHz, or one digitization every 500 ns [48]. Beyond the
lack of pile-up, the coarser readout timing at the FD is necessary since the large number

of detector channels would lead to unmanageable file sizes from all the extra data.
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Figure 2.13: A far detector event display, showing the high rate of cosmic events, as well
as the effectiveness of isolating the beam-spill window. (a) shows all data from the NuMI
trigger with the color indicating the charge collected by the APD, corresponding to the
amount of energy deposited. (b) shows a zoom-in on the beam-spill window, revealing a
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(a) All data from the 500 ps NuMI trigger (colored by charge)
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Figure 2.14: A near detector event display, showing multiple neutrino interactions as well
as rock events occurring in a single beam spill. (a) shows all data from the NuMI trigger
with the color indicating the charge collected by the APD, corresponding to the amount
of energy deposited. (b) shows a zoom-in on the beam-spill window, where the color now
indicates the time of the hit, to show off the precise timing resolution at the ND which
allows us to deal with the event pile-up.
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2.3.5 Data Quality Monitoring

NOvA maintains automated data quality monitoring scripts to ensure that the data being
collected is of high quality and usable for our analyses. Both the beam and detectors are
monitored, and runs of data that are taken when both are fully operational are labeled
as “Good”. If either the detector or beam is in a full or partial failure mode, the run of
data can be labeled as “Bad” and easily excluded from analyses (details on the cuts used
in determining “Good” and “Bad” for this analysis will be discussed in Chapter 5). At the
FD, in addition to labeling a full run as bad, we can also apply a “mask” to only exclude
the regions of the detector that are undergoing a failure mode, and keep the data for the
rest of the detector. This can extend down to labeling individual channels as good/bad.
Figure 2.16 shows an example of one of the plots that are used to monitor the detectors,
the average hit rate of the FEBs. Figure 2.15 shows the Good Runs monitoring, with the

various failure modes labeled. A description of each mode is given below [49].

Failed Reco - Too many or too few tracks; generally occurs when one or more DCM(s)

is down.

e Failed Hit Rate - Median hit rate too high/low; beam instability is the main cause
(ND).

e Failed Diblock! /Partial Detector - Part of the detector missing or a part of the de-
tector having too high /low hit rate; general causes are detector crash, thunderstorm,

issues with the diblock, etc.

e Failed Other - Incorrect timestamp or no activity; general cause is a change in Day-

light Saving Time.

e Failed Livetime - Fewer than 1 k triggers in run; low POT (ND) .

LA Diblock is a group of 64 contiguous planes.
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Figure 2.15: A plot of the Good Runs monitor, which indicates whether recent data
collected is labeled as “Good” or is undergoing some type of failure mode. It is continually
updated, with new data populated on the right. A description of the various modes is
listed in the text. From [49].
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Figure 2.16: Online Monitoring plots showing the FEB hit rate over a 24 hour period at
the FD (left) and ND (right). The hit rate is one variable used in determining whether
individual channels or runs of data are labeled as “Good” or “Bad”. Channels with abnor-
mally high or low hit rates would be labeled Bad and excluded.
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2.3.6 Total Data Collected

Since we have no practical way to measure the exact number of neutrinos produced by
our beam, we instead use the number of protons delivered to the target as our metric
for the amount of data collected. The unit is referred to as protons on target, or POT.
Figure 2.17 shows the accumulated beam exposure at the FD across NOvA’s 10 years of
operation. In addition, individual data points show the daily POT accumulated, which
you can see increase over time as the beam was upgraded to provide more POT per spill,
and reduced time between spills. For this thesis, we analyze a total FD neutrino beam
exposure of 26.61 x10%° protons-on-target (POT) corresponding to 885.53s of beam-on

time. This is combined with an antineutrino beam exposure of 12.50 x10%2° POT over

322.59 s of beam-on time.
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Figure 2.17: Accumulated beam exposure at the FD over time. Neutrino beam mode
is indicated in orange, and antineutrino beam mode in blue. White regions are when the

beam was off. This thesis uses the 2024 analysis dataset, while prior results used the 2020
analysis dataset. [50]
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Chapter 3

Detector Simulation & Calibration

To interpret our data, we need an accurate simulation of the beam and detector, and

the ability to convert the quantities we measure to meaningful physical units consistently

across the detectors. This is the job of the simulation and calibration software.

3.1 Simulation

Beam Flux
Simulation ™ (m,K,udecays)

l

Neutrino “Truth”
PhySiCS particle lists

& kinematics
(GENIE)

i

General

Detector

Simulation
(Geant)

(GANuMI)

Specific digits”
Detector (raw data

. . —> similartoreal
Simulation P o

(NOVASoft)

Figure 3.1: Flowchart of our simulation chain. Blue squares indicate the processes being
simulated (with the software package in gray), and green circles indicate data products
produced at each stage and used as input for the next. Modified from [51].

Figure 3.1 shows a flowchart of the simulation chain used in NOvA, and the data



products produced at each stage. A variety of Monte-Carlo simulation software is used,
including GENIE [52], GEANT4 [53], and detailed models of the beamline and detector
geometries. To complement the base simulation, we make data-driven corrections at several

stages in order to improve our data/MC agreement.

3.1.1 Beam Simulation

The goal of the beam simulation is to produce a set of flux files which describe the energy,
flavor, and direction of neutrinos produced, along with kinematic information about the
ancestor particles that lead to their production. It takes as input a simulated 120 GeV beam
of protons with Gaussian position and angular distributions. It then uses a detailed model
of the beamline geometry described in Sec. 2.2, called G4NuMI, along with GEANT4
to simulate the production of hadrons in the NuMI target, followed by their transport,
focusing, and decay to neutrinos. The decay of the hadron and production of a neutrino
ends this stage of the simulation.

The Package to Predict the Flux (PPFX) [55] is used to correct the baseline simula-
tion, using constraints from hadron production experiments including NA49 [56]. It was
developed for the NuMI beam within the MINERVA collaboration, and works by applying
weights to individual neutrino events based on the kinematic information and interaction
history of the hadrons that produced the neutrino. Figure 3.2 shows the predicted flux at
the NOvA ND and FD with the PPFX corrections applied.

3.1.2 Detector Simulation

The next step after the beam simulation is the simulation of neutrino interactions in the
detectors. At the neutrino energies that our beam produces, there is a variety of different
interaction types that can occur. Figure 3.3 shows the v, cross section on carbon as a
function of energy for these different interaction types [16].

NOvA uses GENIE [52] to simulate the cross section and interaction of neutrinos

in the detectors and surrounding material. GENIE uses the flux files from the beam
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Figure 3.2: Neutrino flux with PPFX corrections applied at the FD (top) and ND (bot-
tom) for FHC (left) and RHC (right) beam modes [54].

simulation, and a detector geometry file, combined with global neutrino cross section data
and theoretical models to determine if a neutrino will interact along its predicted path.
When an interaction occurs, GENIE will determine a vertex location and kinematic process
for the interaction, and produce a set of final state particles that can be handed off to the
next stage of the simulation [51].

In their default state, the GENIE models do not agree well with the NOvA data. As
with the beam simulation, data from the NOvA ND and external measurements are used to
form corrections to the simulation. These corrections are then applied at analysis time as
weights to the individual simulated neutrino events. Table 3.1 lists the physics models used
by GENIE for the different interaction types, along with the corresponding corrections that

are applied. After first correcting the other interaction processes, we construct a NOvA-
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Figure 3.3: Muon neutrino cross section on carbon for different interaction processes, as
a function of energy. From [16]

data-based correction to the Meson Exchange Current (MEC) model. This interaction
describes charged-current neutrino scattering off of a correlated pair of nucleons via meson
exchange. It contributes significantly to NOvA’s cross section, but is underestimated in
the default configuration of GENIE [57]. The correction is constructed based on a fit to
NOvA ND Data using reconstructed visible hadronic energy and three momentum transfer
[58]. The effect of the complete cross-section weights, which combine the effects of all the
corrections, can be seen in Fig. 3.4. The simulation agrees significantly better with the
data after tuning.

The list of final state particles produced in the neutrino interactions by GENIE are then
used as input to GEANT4, along with a detector geometry file. GEANT4 then simulates
the propagation of those particles through the detectors, and any subsequent interactions.
The final output of this stage of simulation is the location and size of the energy depositions
made by each particle as it traverses the detector.

These energy depositions are then converted to number of photons IV, using the fol-
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Figure 3.4: Data/MC comparison of the reconstructed visible hadronic energy of v, CC
selected events in the ND, for FHC (left) and RHC (right) beam modes. The black points
are the data and the simulation with cross-section weights applied is shown as a stacked
histogram with the different interaction modes indicated. The dashed line is the default
GENIE simulation before any tuning. From [59]

lowing equation:

N’y = Fview(lfsEB + ECny) s (31)

where Flyiew are overall scaling factors for the X and Y views in each detector (four in
total), Y is an overall scaling for scintillation energy, ec is an overall scaling factor for
Cherenkov energy, C, is energy deposited due to Cherenkov photons, and Fp is the Birks
energy, which is determined from Birks Law

dE
dL g

%_ 1—1—]{3%

(3.2)

where % is the light emitted per pathlength, % is the energy loss per pathlength, S is the
scintillator efficiency (set to 1 after calibration is applied) and kp is the Birks constant.
This equation is used to modify the energy distribution to include the effect of quenching,
which is any loss in light yield of the scintillator due to inherent material properties, such

as when photons are reabsorbed by the scintillation material. This occurs when the ‘fl—f is
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CC Interaction Process | Model Correction

Initial State Valéncia Local Fermi Gas | N/A
Model [60]

QE Valéncia + Z-Expansion | Random Phase Approxi-
[60] mation (RPA) included to

model effect of long-range
nuclear correlations [60]

MEC Valéncia |61, 62] Parameters tuned to match
NOvA ND Data
Resonant Production Berger-Seghal [63] Parameters tuned to match
neutrino-deuteron scatter-
ing data [64]
DIS Bodek-Yang [65] Parameters tuned to match
neutrino-deuteron scatter-
ing data [64]
F'SI Model GENIE hN intranuclear | Parameters  tuned  to
cascade model [66] match pion-nucleus scat-

tering data [67-73]

Table 3.1: Physics models in the GENIE version used for this analysis, along with the
corrections applied to each model to improve data/MC agreement.

very high, so it mostly affects the ends of tracks. This effect is parameterized by the Birks
constant kp, which has been measured by NOvA to be 0.01155 + 0.00065 g/(MeV cm?)
for our scintillator [74]. We once again apply a data-driven correction to our model, with
the scaling factors Fyiew, Ys, and ec determined from a least-squares fit to data. Four
different sets of data and MC samples are used to perform the joint fitting on the light
level parameters. These samples are: ND muons, ND protons, ND cosmics, and FD
cosmics. This light model tuning is also used to set the size of our systematic uncertainty
on the light model, and is discussed further in Sec. 5.5.

The next step is to simulate the transport of light through the cell and to the APD
via the fiber. While GEANT4 is capable of simulating this process through ray tracing,
it is computationally expensive to do so for every photon. Instead, NOvA uses a custom
light simulation software that uses templates to parameterize the collection of photons
by the fiber, the transport of those photons up the fiber, and the response of the APD

[75]. The initial position and number of photons is used as input, and values are drawn
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from the templates for each process to determine the photo-electrons as a function of
time for a given energy deposit. This step also takes into account attenuation along the
fiber, using quality control measurements of fibers taken prior to detector construction
[75]. To account for APD noise, the number of photo-electrons are smeared according to a
log-normal distribution, with the final response matching the theoretical distribution well
[76].

The final stage of the simulation models the pulse shaping and triggering logic of the
DAQ readout electronics. The pulse shaping is modeled by a double exponential, one for
the rise time and one for the fall time, that match the times of the ASIC on the FEB [75].
A dual-correlated sampling (DCS) method is used to determine if a hit is read out. The
DCS value is given by

DCS; = ADC; — ADC;_3 (3.3)

where ADC; is the value of the current digitization sample, and ADC;_3 is the sample
from 3 digitizations prior (as a reminder, the FD cells produce a digitization every 500 ns,
and the ND every 125 ns). If the DCS value is above threshold, the hit is read out with the
time and ADC of the hit recorded. The thresholds for each individual cell are pulled from
a database to match with the corresponding cell in the real detectors. After triggering and
reading out a hit, the APD will not re-trigger for a specified amount of time, called the
dead-time.!

The end product of this simulation chain is a file containing detector hits that match
the format seen in the data, but with the addition of truth information from the simulation.
The truth information includes the particle types and interactions that lead to the hits,
the true energy deposited, and kinematic and ancestry information for all particles. We

can then pass both data and MC files through the same reconstruction chain to look for

neutrino events and make inferences about the data. This is discussed further in the next

!The re-triggering logic is known to be mis-modeled in the simulation, leading to a data/MC discrepancy
in APD deadtime. While this does not significantly affect the majority of signals, it has a large effect on
delayed signals such as those from Michel electrons. This discrepancy and a future solution are discussed
further in Sec. 6.4.
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chapter.

3.1.3 Cosmic and Rock Events

Cosmic ray events at the FD, and rock muon events at the ND are both large sources of
background that are computationally expensive to simulate since it requires modeling a
much larger volume to get enough events that actually pass through the detectors. To
solve this problem at the FD we instead overlay real data from our dedicated 10 Hz cosmic
trigger onto the MC files to give a realistic cosmic background. At the ND, we simulate a
smaller sample of neutrino events occurring in the rock in front of the detector, and overlay
them onto the MC files, re-using events if necessary to match the POT /spill of a given run.
The same is done for the FD, but the probability of a rock event occurring is much smaller
due to the lower neutrino flux, so the FD rock events represent a small background in the
analysis. For cases where a simulated cosmic sample is necessary, such as for calibration,

we use the CRY generator [77].

3.2 Calibration

The calibration software allows us to convert our measured ADC values into an established
unit of energy, which can be used to interpret physics results. The calibration is performed
for both data and MC and done in two stages. The first stage, called the relative calibra-
tion, corrects for effects that cause a variation in the observed photoelectrons (PE) across
individual detector elements, such as attenuation of light along the fibers. The output of
this stage is a corrected photoelectron count for each hit, called PECorr, which is uniform
across the detector for a given energy deposition. The second stage, called the absolute
calibration, finds a scaling factor to convert the PECorr values to units of energy (GeV),
which are useful to our physics analyses. A simple flowchart of the procedure is shown in

Fig. 3.5.
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Figure 3.5: A simple flowchart of the calibration procedure. The top colored blocks
show the units of hits at each stage. The gray arrows and blocks indicate the calibration
procedure performed to take one data type to the next, along with its primary goal and
sample used. Taken from [78|

Both stages of calibration are performed using cosmic muons since we have very large
samples of cosmic data, ensuring high statistics in all cells, and the energy deposition of

muons is well-understood using the Bethe-Bloch formula [79]:

—- B8 - 5(;5) : (3.4)

zAB2

< dE> % 2 Z 1 [1 2mec? B2Y? Winax

i g 7

2 combines Avogadro’s number, Ny, the classical

Here, the constant K = 47rNArgmec
electron radius, 7., and the rest energy of the electron, mec?. Wpax is the maximum
energy transfer to an electron in a single collision. Z/A, I and § are the ratio of the atomic
number to the mass number, mean excitation energy and the density effect correction
to ionization energy loss for the target material, respectively. The charge, velocity and
relativistic gamma factor of the incoming particle are given by ze, B¢, and -, respectively.

The equation describes the mean energy loss rate, % of a heavy relativistic charged
particle moving through a medium. The equation is valid in the region 0.1 < B+ < 1000

with an accuracy of a few percent [79]. The curve is plotted for muons incident on different

media in Fig. 3.6.
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Figure 3.6: Bethe Bloch curve for muons in different materials. Taken from |79].

Particles located near the minimum of the Bethe-Bloch curve have a nearly constant
dE/dx and are referred to as Minimum Ionizing Particles, or MIPs. For our detector, muons
fall in the MIP region for the majority of their track, where they deposit approximately 1.8
MeV /ecm [78]. This makes them ideal candidates for calibration. The relative calibration
uses cosmic muons that traverse the entire detector, referred to as “through-going muons”.
This ensures a roughly consistent energy deposition per length across the detector.

Absolute calibration uses cosmic muons that stop in the detector. Knowing the end
position of the muon track, the Bethe-Bloch equation can be used to determine the exact
energy deposited in a selected track region in GeV and then define a conversion factor
between observed PECorr and true energy. In each case, a simple track reconstruction
algorithm called CosmicTrack is used to identify the cosmic muons, with separate selections

applied afterward. The reconstruction is described in more detail in Sec. 4.1.

3.2.1 Relative Calibration

The purpose of the relative calibration is to correct for attenuation effects and cell-to-cell
variations. Hits that occur far from the readout in a cell can have more light attenuated

on the way to the APD and would thus appear to have a lower energy on average than hits
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Figure 3.7: Simulated PE as a function of W (position along the cell) for FD cells in the
X view, split by different fiber brightness bins. Higher W values are closer to the readout,
with W = 0 the center of the cell. The effect of attenuation can be seen as lower PE
observed further from the readout.

close to the readout. This step also corrects for threshold and shadowing effects. Threshold
effects are when the energy depositions occurring far from the detector readout may need
to have a slight upward fluctuation in the number of photons produced in order to pass the
hit threshold. This can bias the energy distribution to higher values far from the readout.
Shadowing refers to self-shielding of the detector by its own mass, which causes the dE/dx
to not be completely uniform throughout the detector. As a muon traverses the detector it
will lose energy and move down the Bethe-Bloch curve, changing its dE/dx. These effects
are most prominent at the FD, where the detector is larger and cells are much longer. The
final effect covered by the relative calibration is differences in fiber brightness. This refers
to the observation that different WLS fibers attenuate light at different rates (shown in
Fig. 3.7). During detector construction, the attenuation of each fiber was measured, and
the resulting distribution was split into 12 quantiles. The boundaries between groups are
used as brightness ratings, ranging from 0-11, and each cell is assigned a brightness rating,
and simulated with that attenuation value. The calibration is done separately for each
fiber brightness bin to account for this.

Fig 3.8 shows a block diagram of the relative calibration process. We first create

“attenuation profiles” separately for each cell in data and MC. These are 2D histograms of
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Figure 3.8: Block diagram illustrating the main steps in the relative calibration.

PE/cm vs. W (the position along the cell) 2, which we then profile to get a 1D distribution
of mean PE/cm vs. W for each cell.

To fill these histograms, we need to select appropriate hits from the throughgoing
cosmic muon tracks. To calculate PE, we apply a simple scaling to the ADC of each hit 2,
but in order to calculate PE/cm we also need an accurate estimate of the pathlength of
the muon through the cell. To ensure a proper pathlength estimate, we only consider so-
called “tricell” hits which are located between two other hits in adjacent cells. Figure 3.9
illustrates this configuration. This guarantees the muon passed through opposite walls of
the cell, and the pathlength can be found by taking the width of the cell and dividing it
by the cosine of the track angle through the cell. The W of the hit is calculated by finding
the nearest hits in the same track in the opposite view, and making a straight line between
them.

Once the attenuation profile histograms are made, the next step is to calculate the
threshold and shadowing corrections. This is done using only the MC tricell hits, since it

requires truth information about the hit, with the same correction then applied to both

2W is a coordinate independent of the X,Y,Z coordinates normally used when referring to detector
position. The same system is used for both horizontal and vertical cells, with W = 0 defined as the
midpoint of the cell, more positive W being closer to the readout electronics, and more negative W being
further from the readout.

3This scaling is different for each detector and depends on the gain of the APD.
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Figure 3.9: Example of the tricell hit condition used in calibration for a horizontal (Y-
view) cell. The dark red cell is selected due to having hits in the adjacent light red cells.
The general direction of cosmic and beam neutrino events is indicated. Taken from [78]

data and MC. Instead of being done independently for every cell, we collate all planes in
the same view, and the correction is calculated as a function of view, cell number within

a plane, and fiber brightness. The correction is of the form

o PE Etrue
= — %

T ,
A Emrp

(3.5)

where T is the combined “threshold and shielding” correction factor, PE is the simulated
photoelectrons recorded at the readout, A is the number of simulated photons which would
be seen at the readout out in the absence of fluctuations, Fy. is the true energy deposited
in the cell and Ejsrp is the energy you would expect to be deposited by a MIP based on
the pathlength. The first factor corrects for the threshold effects from fluctuations in the
number of photons produced, and the second factor corrects for variations in the MIP
energy from self-shielding.

After applying this correction to the attenuation profiles, we fit the corrected hits to
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extract calibration constants. The fit is of the form

y=C+A <exp (Z) + exp (—L J;(W» (3.6)

where y is the response, L is the cell length, W is the location of the hit in the cell, and

C, A, and X are free parameters in the fit, with X representing the attenuation length.
The two exponentials represent the two paths a photon can take through the looped WLS
fiber to the APD, with the first accounting for the shorter direct path, and the second
representing the photon taking the longer path down the cell and back around (see Fig.
2.10).

The fit is performed for every cell independently in data, while for MC we collate
planes in the same view, and the fit is done by view, cell, and fiber brightness. We do this
for two main reasons; first, our simulated cosmic sample is much smaller than the cosmic
data sample, due to the large simulation time required. So, to get the required statistics
for the fit we collate planes. The other reason is that the simulated detector is assumed
to be uniform plane-to-plane. We do not make this assumption for the real detector. In
the ND muon catcher, which is less instrumented than the main near detector, there are
significantly fewer tracks with the angles required to produce tricell hits. Here, the fit is
done only by view in both data and MC.

The results of the fit for a typical cell are shown in Fig. 3.10. The fit performs well
in the center regions of the cell, but does not describe well the ends of the cell, where
a “roll-off” in the PE/cm is observed (see Fig. 3.10). To fix this, an additional locally
weighted scatter plot smoothing (LOWESS) fit is done on the residuals of the first fit and
used to correct the roll-offs near the ends of the cell. This is shown as the blue curve in
Fig 3.10. The effect of the relative calibration applied to data and MC can be seen in Fig.
3.11.

99



ND cosmic data - plane 8 (horizontal), cell 43

FD cosmic data - plane 891 (vertical), cell 101

S
S

Mean PE/cm

g 8 8 8
Mean PE /cm
8 8 8 8 &

- JJ_I_LLJ_l_LJJ_‘_LJJ.‘_lJJ_‘_lJ_\.'.lJ_\_).l

s
=3

N
=]

QETT I [TT T[T I [T I T[T [T T [TTT 1

| |
| |
| thoo
H i - H

E : 20 }
ol b b e b Lo Lo L B '
-200 -150 -100 -50 0 50 100 150 200 250 P R R PO B EVER IR IR

Distance from center (cm) —800 600 —400 400 600 800

o

-200 0 200
Distance from center (cm)

Figure 3.10: The results of the attenuation fit for a typical cell in the ND (left) and FD
(right). The red curve is the initial exponential fit, and the blue curve is the final fit with
LOWESS correction.

3.2.2 Absolute Calibration

The last step in the calibration serves to find a conversion factor to take the PECorr values
for each cell in each detector and express them in units of energy. This conversion factor is
found by dividing the average true energy per pathlength (MeV/cm) from simulated muon
hits by the average reconstructed energy/pathlength (PECorr/cm) of our reconstructed
hits in both data and simulation.

To do this, we first find the appropriate muon hits used to calculate these mean values.
Unlike with relative calibration, we look for muons that stop in our detector. To select
these, we choose tracks from CosmicTrack that have a reconstructed end point within the
fiducial volume of the detector?, as well as at least 1 Michel electron (the electron produced
from muon decay) associated with the track. This process is described in Chapter 4. By
knowing the end point of the muon, we can select hits in the region of the track where the
muon is a MIP. For NOvA, this is the region 100-200 cm from the end of the track (see
Fig. 3.12). The dE/dx of simulated muons is found to be flat to within 1.8% in this region
[81]. This range was chosen to minimize the effect of track reconstruction failures where

hits are missed at the end of the track. We also apply the tricell condition to these hits to

4The fiducial volume is a smaller internal volume of the detector, defined in Sec. 5.2.
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ensure an accurate pathlength estimate.

Once these hits are selected we fill a histogram of true MeV /cm from truth information
in the MC hits, and histograms of PECorr/cm from reconstructed hits in data and MC
separately. We then find the mean of the histograms to be used for the correction. The

conversion factor is then calculated as

Average MeV /cm (37)

Correction =
rrechion Average PECorr/cm

Separate factors are found for data and MC, and for each view. The separation in view is
done to prevent potential bias coming from differences in the amount of hits between views.
The cosmic muons are mostly downward-going, and will leave more hits in horizontal than
in vertical cells. The final result of relative and absolute calibration can be seen summarized

in Fig. 3.13.

3.2.3 Accounting For Drift

A decrease in the collected PE over time, known as “detector drift” has been observed
in the FD data. It is expected to come from degradation over time of the scintillator
material, fibers, and electronics. The drift can be observed in Fig. 3.14. To account for
this, the calibration is done separately for different periods of time. For data taken before
June 2021, it was split into “epochs”, which are run periods dictated by major changes to
beam running conditions including changes in horn current, upgrades, or summer shutdown
periods. For the majority of new data in this analysis, taken Sept 2021 - July 2023 (see Fig.
2.17) we have switched to a month-by-month calibration. No difference in effectiveness was

observed using this new scheme [83].
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Figure 3.11: FD plots showing the effect of relative calibration, averaged across all cells,
with PE/cm for each view on top and PECorr/cm for each view on the bottom. The
different colored curves represent different data taking periods, with a comparison made to
one MC period. These epochs represent data taken from October 2015 - June 2021. Epoch
10d has a significant deviation since it contained only one week of data. Constants from
epoch 10c were used instead for that data, and it is only included here for completeness.
Taken from [80].
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Figure 3.12:
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Figure 3.13: The mean reconstructed/true energy shown for simulated FD hits in the
Y-view before/after calibration is applied. Relative calibration will flatten the curve, and
absolute calibration will shift it up/down. Taken from [82].
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Chapter 4

NOvA Software Infrastructure

Our analysis relies on our ability to reconstruct neutrino events from our data, and identify
their flavor and energy. To do this we make use of a software chain that first builds up
clusters of hits into events, finds topological features, and then feeds them into algorithms
that can reliably estimate the flavor and energy.

The suite of software we use is called NOvASoft, written primarily in C++ and Python,
built on top of the Art data processing framework [84]. It is divided into a series of
stages called modules that progressively add more information into the files in the form
of new objects or “data products”, built using previous stages products as inputs. These
products represent topological features in the events such as tracks, or contain the outputs
of algorithms that estimate particle type or energy.

The data and MC files have the same underlying format and are passed individually
through the same stages of the reconstruction. The simulation files have additional access
to truth information from the generators, which can be used to assess the efficiency of
algorithms. Neutrino events will look similar between the FD and ND due to both detectors
having the same composition, so the same software chain can be applied to files from either
detector as well.

We can divide the full reconstruction chain into three main parts: event reconstruction,

energy estimation, and particle identification. We will now go through each part in detail.
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4.1 Event Reconstruction

Event reconstruction builds the neutrino events out of individual hits in the detector, using
algorithms designed to look for the topological features that different particles are known

to make in the detector.
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Figure 4.1: The typical topologies for v, CC (top), and v, CC (middle) events in our
detectors, and an example NC (bottom) topology that appears ve-like. The arrows indicate
the particle type that produced the hits, which are shown in red. Each square represents
a cell in the detector, and the color indicates the amount of charge, or energy deposited in
that cell, with darker cells having more energy. Images from [85].

Figure 4.1 shows an example of what different neutrino interactions look like in our
detectors. The first is the v, CC interaction which is characterized by a long straight muon
track. There may also be a shorter track close to the interaction vertex from hadronic
activity, often a final-state proton. The v, CC events will instead produce an electron as
the charged lepton, which results in a shorter and broader electromagnetic shower. This
event also contains a proton track near the interaction vertex. The neutral current event
shown produces a 70 instead of a charged lepton, along with additional hadronic activity

near the vertex. The 70 decays to two photons that shower, which can resemble an electron
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shower, particularly if the photons happen to overlap. To distinguish these from v, CC
events, the displacement of the photon shower’s vertex from the primary interaction vertex

can be identified.

| Raw Hits |

Cosmic Track

———— Kalman Track
-

Michel Electron Finder

Calibration

v A 2 -
) v, cC v, cC
Various uses Analysis Analysis

Figure 4.2: Block diagram showing the order that reconstruction chain modules are run.
The red block is the initial raw data input to the chain, the green blocks are the modules,
with the names in black and data products produced in gray. The blue blocks show the
eventual end usage of each part of the chain.

Figure 4.2 shows the reconstruction paths for the modules, and the end usage of the
data products that were created. The green boxes represent individual modules that are
run, each designed to find a specific feature in the data, and save it as an object into the
file. Recall from Sec. 2.3.3 that data is organized in the files by run, subrun, and beam
spill. Modules are run once per beam spill, and can access any data products associated
with that spill that were created earlier on in the chain. We now discuss these modules in

turn.

4.1.1 Hits

The first step in the reconstruction chain is to turn the collection of raw hits from our
detectors into “calhits”. The coordinates of each raw hit are translated from DAQ logical
channel number to the plane and cell number of the hit. The plane number gives the

longitudinal position (Z-coordinate) in the detector, as well as which view the hit was in
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(X orY), and the cell number gives the transverse position along that view. No distinction

is made yet between hits from physics activity and those from electronics noise.

4.1.2 Clustering

Next, calhits are clustered together in space and time. These clusters are referred to as
slices and represent individual physics event candidates. NOvA uses an algorithm called
TDSlicer, which first clusters calhits in each view separately, before merging the sets of 3D
(z,2,t, and y, 2, t) clusters from each view into one set in 4D (z,y, z,t). It has three steps;
first, in each view, centroids are identified by finding the hits with maximum density and

isolation according to the work of Rodriguez and Liao [86]. Density is defined as
pi =Y exp(—dj;/T?) (4.1)
J

where d;; is the Euclidean distance between hits in the same view, and 7 is a configurable
scale parameter, set to 12(60) ns in the ND(FD) to reflect the timing resolution for hits in
each detector [87]. Isolation is defined as the Euclidean distance to the closest hit in the

same view with a higher density. This process is illustrated in Figure 4.3.
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Figure 4.3: Ilustration of the centroid-finding algorithm utilized by TDSlicer, based on
[86]. The right plot shows the density (p) and isolation (d) of points for the clustering
problem on the left. The points with the highest density in each group (1, 10) will also
have high isolation and are chosen as centroids, using detector specific cutoffs for p and 9.
Points with high density but low isolation will form the bulk of each cluster. Points with
low density and and high isolation will be treated as noise. Image from [86].
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Second, Prim’s algorithm [88] is used to build up hits into a cluster, starting from the
centroids. This is done sequentially, adding the next hit outside the cluster that is closest
to some hit in the cluster, up to a predefined distance in each detector. Finally, the set
of 3D slices in each view are merged by comparing the average (z,t) coordinates between
slices. Each slice is compared to every other slice in the opposite view, and the slice with
the closest match in (z,t) (up to a specified distance) is paired. These two slices are merged
and removed from the list, and the process continues until all slices have been considered.
If a matching slice cannot be found within the defined range for each detector, the slice is
considered noise.

Once a slice is made, it is treated as a physics event. This object is the basis of most of
our reconstruction infrastructure. Since slices are meant to represent individual neutrino
events, we often refer to slice and event interchangeably '. Features of each event are

picked out using further modules and then used to identify the event.

4.1.3 v, reconstruction

The goal of the v, reconstruction chain is to identify the electromagnetic shower produced
by the electron in the v, CC interaction. This is done through a series of modules, which
first identify lines of interest, then use them to find the vertex of the interaction, and finally
form prongs that extend from that vertex. This process is shown in Fig. 4.4.

The first step in the v, chain identifies lines of interest in the clusters produced by
TDSlicer by using a modified Hough transform [90]. This pattern-finding algorithm con-
siders pairs of hits in each view separately, and calculates the line through them in polar
coordinates p, the perpendicular distance from the origin to the line, and 6, the angle

between p and the axis of the view in question. The coordinates p and 6 from each line

IThis is easily confused with an Art event, which is how the Art framework refers to one beam-spill
worth of data from the detectors. I will specify “Art event” if using it in this context.
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Figure 4.4: Flowchart of the v, reconstruction chain applied to an NC event. Image from
[89].

are then used to fill a 2D array, called a Hough Map, with a Gaussian vote given by

7(97;)8)2 *<0798)2
vote=e % e %% (4.2)

where 0, = 3/1/12 and oy = 3/dv/6 ( d being the distance between the two hits in the
detector) [89]. After filling the Hough map, it is then smoothed by averaging votes in the
map using a Gaussian smoothing weight. Prominent features in the event will lead to lots
of votes in a particular region of the Hough map. Peaks above a threshold in the map
are then identified, and the coordinates of those peaks used to define Hough lines that
characterize the event.

This process is then iterated to search for smaller lines that could be missed by the
presence of dominant lines in the map. Hits associated to the most dominant Hough line
are removed, and the algorithm is re-run to identify new peaks in the map, which are now
more likely to be associated with legitimate shorter physics tracks instead of noise [89].

This “Multi-Hough” process is repeated, keeping the dominant lines at each iteration, until
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a maximum number of lines is reached or no peaks above threshold are identified in the
map.

The next step attempts to find the neutrino interaction vertex, using the Hough lines as
input. A modified version of the Elastic Arms method is used [91]. This algorithm assumes
an event containing 1 or more tracks emanating from a common vertex. Taking the Hough
lines and their intersection points as seeds, vertex points are identified, and 2D vectors, or
“arms” are constructed pointing outwards from the vertex. The number of arms is taken
as the larger of the number of Hough lines in either view. The direction of the arms,
along with the vertex location are then adjusted to minimize an energy cost function [89].
This function rewards arms that pass through hits, and penalizes for missing hits. The
version used in NOvA has an additional term which penalizes arms whose first hit occurs
beyond one radiation length. This is necessary since, unlike in the traditional algorithm,
the vertex is not known a priori, and also allows for the displaced photon showers from 7°
decay common in NC backgrounds. The vertex which minimizes the energy cost function
is then used.

Once the vertex is established, the next step is the assignment of hits in the event to
“prongs”. Prongs are collections of hits meant to represent individual particle tracks or
showers emerging from the vertex. Prongs are formed using a fuzzy k-means algorithm.
“Fuzzy” refers to the fact that hits can be assigned to multiple prongs, and the total number
of prongs is unknown at the start. In each view, prong centers are identified by observing
the angular distribution of energy depositions around the vertex, and searching for peaks.
Hits are then assigned a degree of membership to the prongs based on their proximity to
the centers, and hits with a low degree of membership to any prong are treated as noise.

The final step is to merge the prongs together from each view. This is done by matching
prongs which share a similar energy profile. A temporary track is made out of every prong
in each view, and the cumulative energy distribution along the track is computed. This
energy profile for each prong is then compared to those in the opposite view using a Kuiper

metric [89], which takes the sum of the absolute values of the largest positive and negative
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vertical distances between the two distributions. The pair of prongs with the minimum
value of this metric are matched, and removed from the list of available prongs. The

process is repeated until all prongs that can be matched are matched.

4.1.4 v, Reconstruction

The v, reconstruction chain is more straightforward, owing to the highly identifiable track
of hits that muons make in the detector. Instead of showering, the muons lose energy
via ionization, tracing a straight and narrow path through the detector with occasional
small changes in trajectory from multiple scattering. The module we use to identify these
and other tracks is called Kalman Track [92], which makes use of a Kalman Filter [93] to
identify lines with possible deviations.

The algorithm starts by looking in the downstream end of the detector for pairs of hits
in the same view separated by no more than 4 cells, to be used as track seeds. The tracking
begins downstream since the particles created in the interaction are expected to be more
separated there. It uses the track seeds to calculate an initial slope. The algorithm then
scans back and forth through the detector, iteratively adding hits to build up the tracks.
The location of adjacent hits is predicted using the estimated position and direction of
the track assuming a linear fit to the current track, with some weighting to account for
scattering and measurement uncertainty. Hits that are within 8 units of x? from this track
prediction are added to the track [92]. After adding each hit the estimated trajectory is
updated, and the process continues until no valid hits can be found.

The 2D tracks from each view are merged together to form 3D tracks. As a first step,
tracks in a single view are compared to look for broken tracks that can be joined together.
This can occur if there were gaps in the hits, or if a hard scattering occurred that produced
a large angular deviation, leading to two independent tracks being made for one particle.
The final list of tracks in each view are then merged together based on their overlap in the
Z direction, resulting in 3D tracks. An example of the tracks reconstructed for a simulated

v, event can be seen in Fig. 4.5.
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Figure 4.5: A zoomed-in FD event display showing the Kalman tracks reconstructed for
a simulated v, event. From [92].

4.1.5 Cosmic Tracks

CosmicTrack is the module used to identify the downward-going tracks from cosmic activity
in both detectors, assuming a simple topology of a single straight-line track in the detector,
typically at a steep vertical angle. It is designed as a simple, fast reconstruction method
for these single-particle events which are mostly used for calibration (Sec. 3.2). It uses a
sliding window-tracking algorithm that is performed separately in each view before merging
views [94].

For each reconstructed slice, a user-defined range of planes (the “window”) at one end
of the slice is selected. The hits within that window are used to fit a straight line, and
any hits in the slice consistent with that line are added to the track. Then, the window is
moved one plane forward in the slice, and any new hits consistent with the line are added.
A new fit is then performed to update the line’s trajectory with the new hits. This process
is repeated until all planes in the slice have been considered. The tracks in each view for
each slice are then merged together making a final 3D track. These tracks are primarily

used for calibration, as discussed in the previous chapter.

73



4.1.6 Michel electrons

A Michel electron is the electron that results from a muon decay (u~ — e~ + v+ V).
It shows up in our detector as a small time-delayed signal near the ends of a muon track.
Michel electrons are useful for tagging muons that stop in the detector, and they provide
a source of events with well-understood energy and decay-time distributions. They have
several uses for NOvA, including tagging stopped cosmic muons for calibration (discussed in
Sec. 3.2), understanding electron neutrino beam backgrounds through our decomposition
process (Sec. 5.4.1), or as a standard candle to set our energy calibration uncertainty (Sec.
5.5).

Because of the possibly long time delay between the muon stopping and electron ap-
pearing, hits from the Michel electron are unlikely to be clustered with the hits from their
parent muon. Additionally, Michels have an energy distribution that cuts off at 53 MeV
(half the muon rest mass), so they do not deposit a lot of energy or make a lot of hits in
the detector. Our goal is to both find and cluster the small hits from the Michel, and then
match it with a parent slice (the muon).

Michel Electron Finder (MEFinder) is the module we use to do this [95]. It is run once
per Art event, and does the Michel clustering and matching across all hits and slices in
that spill at once. Figure 4.6 shows an overview of the steps in this process.

We start by selecting the appropriate hits to cluster. Any detector hits that did not
end up clustered by TDSlicer are added to a “noise slice” for each Art event. We form a
list of candidate Michel electron hits by considering all hits from the noise slice, as well as
all hits from slices from TDSlicer with a low total number of hits (<=12). We refer to the
rest of the slices from TDSlicer with > 12 hits as “physics slices”.

We then filter the sample of candidate Michel hits. We include only hits with ADC
values >= 50 to remove electronics noise. Since we expect the Michel to show up as a
delayed signal near physics slices, we only keep hits within 10,000 ns of the mean time,

and 40 cm of a physics slice. Additionally we remove any hits if another hit occurred
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Figure 4.6: Block diagram showing the sequence of steps in the MEFinder algorithm.
The arrows indicate the order of steps performed, and where the outputs from each step
are used. Red blocks indicate inputs from outside the algorithm, green blocks are the steps
performed by the algorithm, and the two classes of output objects, SlceME and TrkME, are
shown in blue.

in the same cell within 1200 ns. This is to account for a data/MC discrepancy in APD
deadtime. The APD deadtime had been mismodeled in the simulation, leading to a lower
average deadtime, and some simulated hits occurring too soon after one another?. This
cut removed such hits as a way to give a better Data/MC agreement without needing to
alter the low-level simulation and require remaking all of the files.

Once we have the list of candidate Michel hits, MEFinder makes clusters of hits using a
simplified version of the density-based clustering algorithm DBScan [96], taking the plane,

cell, and time differences of hits as input. The algorithm calculates the distance between

2This is discussed further, along with a solution for future analyses, in Sec. 6.4.
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hits using the distance function

=)+ () () =

where AP is the difference between plane number of the hits, AT is the time separation,

and AC' is the difference in cell number when the two hits are in the same view, otherwise
AC= 0. Starting with individual hits, clusters are built up by adding hits that are within
5 distance units of any other hit in the current cluster. Clusters from the DBScan output
that contain no more than 12 hits, and are within 10,000 ns and 20 cm of a physics slice
will become a Michel cluster.

The next step is to determine which physics slice to assign as the parent slice for each
Michel cluster. Each Michel is matched to only one physics slice. For most clusters, there
will be only one physics slice within the allowed range, and that will be matched. For
Michels with multiple possible parents we need a way to determine the best match. This is
done using our Michel electron Identifier (MID). MID is a log-likelihood particle identifier
that we use to select true Michel electrons, and match parent slices accurately. It is built
on four reconstructed input variables that look significantly different between true-ME
and non-ME clusters. These are the reconstructed calorimetric energy (CalE), the number
of hits (NCells), the time difference between the parent slice and the Michel (AT), and
the distance between the parent slice and Michel (DistToSlc). Normalized 2D template
histograms of these variables are made from simulation files, using truth information to
separate the true-ME and non-ME components. These are shown in Fig. 4.7. The parent
slice assigned to each Michel cluster is chosen to be the physics slice that would give the
highest value on the true-ME DistToSlc vs. AT template.

Once the parent slice is matched, we can calculate the MID, which represents the

likelihood that the cluster is from a true Michel electron. This is done using the formula

MID =log( Liyye ) — log( Lnon ) (4.4)
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Figure 4.7: Normalized 2D template histograms of the Michel variables used in the MID
calculation. The top two plots are for the true-ME case, and the bottom two are for the
non-ME case. The empty bands in the DistToSlc plot come from the distance metric
used, which takes the closest cell-to-cell distance between Michel and parent slice hits in
the same view. The cell-to-cell distances are roughly standard, so only certain values are
allowed, hence the bands. True Michels have more energy and hits on average, and occur
in the same cell as the parent slice (DistToSlc = 0) more often. From [95].

where Lyye and Ly, are the likelihoods for the true/non-ME hypotheses. These are
calculated using the probabilities pulled from the MID templates for a given Michel cluster’s

input variables (CalE, NCells, DistToSlc, and AT) according to

Lirye = Pirue(CalE, NCells) % Pyye(DistToSle, AT) (4.5)

Lyon = Phon(CalE, NCells) % Pyon(DistToSle, AT) . (4.6)

MEFinder outputs two classes of Michel electron objects, SlIcME and TrkME. A Michel
cluster is considered a TrkME if it is within 15 cm of some Kalman (Cosmic) 3D track
endpoint with track length >= 100 cm. This Michel cluster is then matched to the track
and its associated slice. All other Michel clusters are labeled as SlcME. TrkMEs represent

a purer sample of Michel electrons given the extra requirement of the presence of a muon
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track. As such they are useful for precision checks in the calibration and energy scale
calculations.

Data/MC comparisons for the distribution of MIDs of SIcME and TrkME in the ND are
shown in Fig. 4.8. The effect of cutting on MID can be seen in Fig. 4.9, which compares

the energy distributions of the Michels.
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Figure 4.8: Data/MC comparison of the MID values of reconstructed SIcME (left) and
TrkME (right) in the ND. The top plots show the individual data and MC distributions,

while the bottom shows the ratio W
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Figure 4.9: Data/MC comparison of calorimetric energy for reconstructed SleME (left)
and TrkME (right) in the ND for FHC events. The top plots are the distributions without
any cuts applied. The bottom distributions have a cut on MID > 1 applied to SlcME and

. . . C . . MC—=Dat
MID > 0 applied to TrkME. Beneath each plot is the ratio distribution #=5-==#.
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4.2 Particle Identification

NOvA makes use of various machine learning techniques to identify and separate v, CC,
v, CC, NC, and cosmic events, using the reconstructed objects as inputs. The algorithms
will output scores, which represent the likelihood that an event is of a particular neutrino
type, or that individual tracks/prongs are from a particular particle type. These scores
are later used to develop cuts to select different samples (see Sec. 5.2). We will describe

the algorithms that are most relevant for this analysis.

4.2.1 Event Classification with CVN

The Convolutional Visual Network (CVN) is a deep neural network that is used as our
primary event classifier [97]. It is based on Convolutional Neural Networks (CNN), which
are a class of algorithm typically used for image recognition tasks. In the case of CVN, the
“image” is a pixel map of the slices, where each pixel represents a cell, and the intensity
represents the amount of energy deposited in that cell. Pixel maps are generated for
each view in the slice, and input to the algorithm separately, before being combined at
a later stage. Training CVN on the slices avoids reconstruction failures such as broken
tracks or misplaced vertices, and allows the neural network to classify events based on
more complex or abstract topological features that may not be expected by humans. The
features identified by the algorithm can be visualized in a “feature map”. Figure 4.10
shows examples of pixel maps for v, and v, CC events, as well as the feature maps for
each. CVN is trained over millions of simulated beam events, and hundreds of thousands
of cosmic events [98]. The output of CVN is a set of scores from 0 to 1, which represent the
likelihood that an event is v, CC, v, CC, NC, or cosmic. Each event’s individual scores
for each category will add up to 1, giving the probability the event is of that type. Figure

4.11 shows the distribution of v, and v, scores by true event type.
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Figure 4.10: Pixel map of the Y-view of v, CC (left), and v, CC (right) events along
with the feature maps extracted for each. Individual features are highlighted corresponding
to muon-like (green), electron-like (blue), and hadronic (purple) qualities in each event.
Images from [99].

4.2.2 Muon Identification using ReMID

To better identify the muon tracks from v, CC events we use the Reconstructed Muon
Identifier (ReMID) [100]. ReMID is a Boosted Decision Tree (BDT) which takes the
Kalman tracks from each event as input and scores them based on how muon-like they are.
ReMID is primarily meant to distinguish muons from their dominant background, charged
pions from NC events, and makes use of variables that look significantly different between
the two particles.

The four variables input to the BDT are the % log-likelihood, the scattering log-
likelihood, the track length, and the fraction of planes that overlap with hadronic activity.
The energy deposited along the track, or ‘é—f, can be different between muons and pions,
because pions will lose energy from hadronic scattering in addition to ionization. Energy
profiles for muon and pion hypotheses are made, and a log likelihood is computed for each
track comparing its own ‘fi—f to these templates. The hadronic scattering will also lead to

differences in the angular deviations of pions as a function of track length. The scattering

log-likelihood uses an analogous process to determine how much the track differs from a
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Figure 4.11: Distribution of CVN output scores for v, CC (left) and v, CC (right) for
simulated FD events, split by true interaction type. Both are able to effectively separate
signal and background, with the v, classifier having a small irreducible background of v, CC
events that did not oscillate from v, but were intrinsic to the beam. The v, performance

is boosted by the ease with which we can identify muon tracks in our detector. Images
from [97]

straight line. The track length is actually similar between muons and pions, except at
higher energies where muons produce longer tracks. This variable is primarily meant to
distinguish muon tracks from hadronic showers that produce many particles with short
tracks. Finally, the fraction of planes in the track that overlap with hadronic activity is
expected to be very low for muons except near the interaction vertex. The opposite is true
for pions, whose interactions can create additional hadrons along the track.

The highest scoring ReMID track in each event is later used in the v, CC event selection

process (section 5.2).

4.2.3 Prong CVN

Prong CVN is an additional application of the CVN architecture to identify the particle
type of individual prongs within an event. It differs from event CVN by having four total
pixel map inputs: two generated from the hits in each view of the entire slice (similar to
event CVN), and two smaller maps generated from the hits in each view of the individual

prong. The output is again a set of scores ranging from 0 to 1, representing the probability
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that an individual prong was the result of an electron, proton, photon, muon, or pion. For
this analysis these scores are only used for identifying the hadronic vs. electron components

of the slice during v, energy estimation (Sec. 4.3.1).

4.2.4 Cosmic Rejection BDTs

As an additional step to reject cosmic backgrounds at the FD, we use Boosted Decision
Trees to score events based on how likely they are to not be cosmic in origin. There
are separate BDTs trained for the v, and v, samples, but using similar kinematic input
variables. In both cases the BDTs are trained using simulated beam events as the signal,
and cosmic data for the background.

The v, BDT uses the following variables: the track length, the cosines of the track
angle with respect to the beam and Y axis, the start and end positions of the track, the
distance from the track start/end to any wall of the detector, the number of hits in the
track vs. slice, and the p;/p or transverse momentum vs. total momentum for the track.

The v, BDTs are more complex. As will be described in Sec. 5.2, we split our v,
events into core and peripheral sub-samples, which represent fully contained and partially
contained v, events, respectively. Due to the different geometries of these events, we use
separate cosmic rejection BDTs for each. The BDT for the core v, sample is trained using
a similar set of variables to the v, sample, but using prongs instead of tracks. The BDT
for the peripheral v, sample is trained using a smaller set of variables, using only p;/p, the
vertex x, y, and z positions, and the distance of the prong start/end to any wall of the
detector other than the top.

The BDTs perform very well, with >90% cosmic backgrounds rejected while retaining

at least 90% signal efficiency in all cases [101, 102].

4.2.5 Low-Energy v. BDT

New for this analysis is an additional sample of reclaimed low-energy v. events that fail

our main selection cuts. Their energy range, from 0.5 - 1.5 GeV is one where we typically
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have low selection efficiency, and higher backgrounds, so a simple retuning of the selection
cuts was not possible to reclaim these events [103]. Instead, a BDT was developed to select
these events, being trained on both hit-level reconstruction variables, prong topology and
energy variables, and CVN scores [103]. The training sample used simulated events that
fail our main v, selection, outlined in Sec. 5.2. For training, all v, events were considered
signal, with no distinction made between beam v, and oscillated v, — v, events. All other

categories of events were considered background.

4.3 Energy Estimation

To constrain the oscillation parameters requires observing neutrino events as a function of
energy at a fixed baseline. This in turn requires an accurate measurement of the energy
of each neutrino event. The first step in energy estimation, the calibration, was already
discussed in the previous chapter. Once the neutrino events have been reconstructed, we
can employ specific energy estimation methods for v, and v, events that achieve better

performance than calorimetry alone.

4.3.1 v, energy estimation

The energy of v, events is divided into components from the hadronic activity, and the

electromagnetic shower produced by the electron. The v, energy is reconstructed from

E, = po( p1Egy + p2Ehad + p3E%y + paFErg) (4.7)

where Egys and Ej,g are the energies of the electromagnetic shower, and hadronic compo-
nents respectively. These are obtained by summing the visible energy of EM and hadronic
prongs, which are selected using the Prong CVN. The parameters p; are found by fitting
the polynomial to a weighted-average true energy distribution. The weights serve to flatten

the true energy distribution to avoid biasing towards the peak energies [104]. The fit is
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performed separately for FHC and RHC events. The overall energy resolution for v, events

is 10.8% for FHC, and 8.5% for RHC [105].

4.3.2 v, energy estimation

We can calculate muon energy based on the distance a track traverses in the detector. The
uncertainty on the muon track length is on the order of one plane length, and lower than
the uncertainty on our energy scale, allowing us to achieve better energy resolution than
from calorimetry alone. The hadronic energy is then simply estimated by summing the
visible energy of hits not associated with the muon track. The v, CC energy can then be
estimated by the equation

E, = Eu + Ehad (48)

where E, is the energy of the muon, and Ejq is the energy of the hadronic component of
the interaction.

Both muon and hadronic energies are corrected using fits to simulated events, shown in
Fig. 4.12. 2D Histograms are made of the reconstructed quantity (Kalman track length,
or visible hadronic energy) vs. true energy. In each bin of the reconstructed variable, the
mode of the distribution of true energy is found, and the tails under 10% are removed.
This modified true energy distribution in each bin is then fit to a Gaussian.

The means of the true-energy Gaussian fit in each reconstructed bin are then used
as data points to perform a linear fit3. The points are additionally weighted by the size
of the peak of the Gaussian distributions, to avoid losing information about the relative
frequency of events in each bin. The result of the fit is shown as the red line in Fig. 4.12.

The resulting energy resolutions for E,, E,, and Ej,q are summarized in Table 4.1.

3In previous analyses, a piece-wise linear spline fit was used but it was found that this resulted in
unwanted sharp features in the hadronic energy distribution due to fitting a piece-wise linear function to a
continuous distribution. A simple linear fit gave very similar performance without these unwanted features
[106].
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Figure 4.12: Linear fits to the true energy (shown as a red line) for FHC (top) and RHC
(bottom) events for the muon (left) and hadronic (right) components of the event. The

higher energy resolution of the muon component is evident when comparing the spread of
the distributions [107].
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v, Energy Resolution

Detector | Beam Bias Resolution
FD FHC | -2.58% 9.30%
FD RHC | -1.68% 8.06%
ND FHC | -3.06% 12.18%
ND RHC | -2.85% 9.98%

p Energy Resolution
Detector | Beam Bias Resolution
FD FHC 0.02% 4.17%
FD RHC | -0.07% 4.04%
ND FHC | -0.00% 4.80%
ND RHC | -0.14% 4.44%
Hadronic Energy Resolution

Detector | Beam Bias Resolution
FD FHC | -4.23% 31.11%
FD RHC | -3.51% 34.10%
ND FHC | -4.81% 38.59%
ND RHC | -11.31% 42.42%

Table 4.1: Energy biases and resolutions for v,, events as well as individual ;» and hadronic
components. These are calculated as the mean and standard deviation of the %
distribution [105].
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Chapter 5

3-Flavor Analysis Setup

5.1 Introduction

Our measurement of the oscillation parameters is extracted by fitting the energy spectrum
of our simulated FD neutrino events to the observed data. We have so far described the
process of reconstructing the events, estimating their energy, and assigning them particle
ID scores to gauge their likelihood of being a particular flavor. All the basic pieces are now
in place to carry out the analysis. We begin by developing cuts to select pure samples of
Ve and v, events, and binning them in ways that improve our sensitivity to the oscillation
parameters when fitting. With these cuts and binnings we can construct predictions of
the oscillated FD energy spectra, and then apply data-driven corrections using informa-
tion from the ND. This is a two-step approach where the ND simulation is corrected to
better match the data, in a process called decomposition, and then these corrections are
propagated to the FD in a process called extrapolation. A wide range of systematic uncer-
tainties affecting the predictions are also calculated. The final predictions and systematics
are then used to test hypotheses of different oscillation parameters, using either a Bayesian

or a Frequentist approach to inference. This chapter will cover each step in detail.
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5.2 Event Selection

We apply a series of selection cuts to our data to get pure samples of v, and v, events
for fitting. Similar categories of cuts are applied to each sample but many are optimized

independently for v, and v, selection. The broad categories of cuts are:

e Spill and Data Quality - Ensures that both the beam and the detectors were
running in good conditions. Additionally, it places timing cuts to only keep data in

the beam spill window.

e Containment - Removes events whose particles are not fully contained in the
detector. This ensures all of the neutrino energy was deposited in the detector, and
can be fully reconstructed. Additionally, it helps to remove cosmic and rock muon

background events.

e Reco and Event Quality - Applies cuts on the reconstructed objects and basic
event variables such as the energy and number of hits. This checks that the events

are well-reconstructed and fall withing the desired energy range.

e Particle Identification (PID) - Uses the scores from our event CVN and BDTs to

select the desired signal candidate events and remove cosmic and other backgrounds.

5.2.1 Spill and Data Quality

Occasionally, the beam or detectors undergo a failure mode, and the resulting data may
not be of high enough quality to include in the analysis. These cuts remove poor quality
data and are applied at either the subrun or individual spill level.

The data quality cuts applied at the subrun level compare various quantities averaged
across the detector and subrun to label individual subruns as “good” or “bad”. There
are several cuts a subrun must pass to be labeled as “good”. The average hit rate across
the detectors, along with the rate of slices and 3D tracks produced must all be within

nominal levels [108]. Timing quality cuts are also applied, checking that event timestamps
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are ordered correctly, and hits are occurring in time with the beam. Finally, at least 4
diblocks in the FD, and all diblocks in the ND, must be reporting normal hit rates to allow
for a minimum analyzable detector size. These cuts can catch failure modes associated
with the hit rate, such as a change in gain from cooling issues, or time synchronization
issues leading to broken tracks. Additionally, at the FD, if an individual APDs hit rate is
producing too many hits ( > 103 ) or not enough hits ( < 3) , it can be masked off and
excluded from reconstruction [108].

Spill level cuts are meant to remove short periods of low-quality data that occur in an
otherwise good run. There are two types of spill-level cuts. The first focuses on the beam
quality. To pass, a beam spill must have a POT greater than 2 x 10'? and a total spill time
of less than 0.5 x 10° ns. In addition, the beam’s position and width, and the focusing
horn’s current must all be within acceptable ranges [105]. Finally, the timing peak of the
beam must be within the 217-229 us beam spill window of the 550 ns NuMI trigger. Only
data within this window is used in the analysis. The second type of spill cut focuses on
the detectors. These primarily catch failure modes where one or more DCMs are down or
taking poor quality data. If a DCM in either detector is not reporting any hits, then that
spill will be excluded. At the FD, there is an additional check on the timing of the DCMs,
to ensure that they are not out-of-sync with each other [109].

The amount of data we keep for the analysis has increased over time. In the first data
taking period, that occurred while the detector was still being built, the percent of POT
retained after applying Good Runs and spill cuts was 73.3%. This increased to > 99% in

subsequent periods and remains high [110].

5.2.2 v, selection

The electron neutrino selection for the FD is outlined in the cut flow diagram in Fig. 5.1.
The selection process results in several different samples of v, events. The main sample
is the “Core” sample, for which events must pass all quality, containment, and PID cuts.

There are two additional samples, the “Peripheral” and “Low-energy” samples, which seek
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to reclaim events into the analysis that fail the Core selection. Each has its own set of event
quality and PID cuts tuned to the particular sample. The Peripheral sample is FD-only
and focuses on events that were not fully contained in the detector, but were otherwise
very ve- like. The Low-energy sample is FHC-only', and probes a new region of energy
space for this analysis. It uses a separate BDT trained to identify low-energy v, events
that fail the Core selection. Additional details and motivation for this samples inclusion
can be found in Chapter 6. The ND v, selection follows a similar flow, but with its own
cut tunings. The primary difference is the absence of a Peripheral sample and nearest slice
cut.

At the start of the cut flow are two cuts that all events need to pass. The basic reco
quality cut checks that reconstruction was successfully run on the event. It requires a
reconstructed vertex, and at least one prong in the event. It additionally requires there
to be fewer than 8 hits per plane in the event, to remove a type of reconstruction failure
called an FEB flasher. This occurs when a large amount of charge passes through one or
more cells in a single FEB, saturating the electronics and causing all 32 channels on the
FEB to “light up”. This is primarily observed in large cosmic background events.

The nearest slice cut requires the nearest slice in time to the candidate slice to be
sufficiently far away, in either space or time, and sufficiently far from the top of the detector,
with the exact ranges varying based on the CVN score of the candidate slice (lower scores
requiring higher spacing). This cut reduces the Bremsstrahlung background from cosmic
events coming from a reconstruction failure where a cosmic event is sliced into two separate
events, with one of them appearing to be electron-like [111].

The containment cut defines the split between core and peripheral samples in the FD.
To pass, an event must have all hits at least 63 cm from the top, 18 cm from the front or
back, and 12 c¢m from the east, west, or bottom sides of the detector. At the ND, there are

several containment checks. First is a cut on the vertex position, requiring it to be within

!This sample was enabled by the doubling of our FHC dataset. The corresponding RHC sample was
deemed too small for inclusion. Details in Chapter 6.
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Figure 5.1: Cut flow diagram for the v, selection at the FD. The rectangles indicate a
cut or group of cuts, and the arrows indicate the paths an event can take to potentially
end up in one of 3 different samples. The Core, Peripheral, and Low-energy samples each
have their own set of event quality and PID cuts. The flow is the same for FHC and
RHC, but some cuts are optimized differently for each horn current, and only the FHC
Low-energy sample is included in the analysis. The selection process for the ND events
follows a similar flow, but with its own cut tunings, and without the nearest slice cut or
the Peripheral sample.

a smaller internal volume of the detector known as the fiducial volume, with coordinates
e -120 cm < x < 160 cm
e -160 cm <y < 110 cm
e 150 cm < z < 950 cm .
The second is a cut requiring the shower be contained in a larger volume, defined by
e -150 cm < x < 170 cm

e -170 cm < y < 150 cm
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e 100 cm < z < 1240 cm .

Lastly, the event cannot have any hits in the muon catcher. The tuning metrics used to
find the optimal cut values are the signal /background ratio, the Data/MC ratio, the energy
resolution, and the fraction of energy escaping the detector [112]. After retuning, the FD
cuts from the previous analysis were found to still be optimal, while the ND containment
cuts were loosened for this analysis. There were slight increases to the X,Y,Z ranges for
the fiducial cut, and a slight increase in the allowed Z range for the shower.

Events passing containment must then pass basic event quality cuts for the core sample.
These filter out regions obviously dominated by backgrounds, and select the desired energy
ranges for our analysis. In the FD, we require a reconstructed v, energy between 1 and 4
GeV, between 30 and 150 hits in the event, and a longest prong length between 100 and
500 cm. In the ND we require an energy between 0 and 4.5 GeV, between 20 and 200 hits,
and a longest prong between 100 and 500 cm.

Finally, inclusion in the core sample requires passing the particle identification (PID)
cuts. These use the output scores from CVN, specifically the electron score, CVNe. We
require a CVNe score of at least 0.82 in FHC, and 0.87 in RHC 2. At the FD, we additionally
cut on the cosmic score CVNcos, and the score from the v, cosmic rejection BDT discussed
in Sec. 4.2.4 to mitigate the larger cosmic backgrounds there. We require a CVNcos score
less than 4.1 x 10~* in FHC, and less than 3.95 x 10~* in RHC. The cosmic rejection
BDT score must be at least 0.45 in both FHC and RHC. The ND only requires a cut on
CVNe, and uses the same values as the FD. This selects similar samples in each detector,
allowing the ND to be used to correct FD predictions (discussed in Sec. 5.4). The optimal

cut values are found by maximizing the figure of merit

FOM? = 52

-~ S+B (5.1)

2As a reminder, each event’s CVN scores add up to 1, with the individual scores of each category
indicating the probability that the event is of that type.
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CVNcosmic
CVNcosmic

Figure 5.2: The v, core sample cut optimization in 3D CoreBDT:CVNcosmic:CVNe
space shown as CVNcosmic:CVNe projection for FHC (left) and RHC (right) with the
optimal CoreBDT cut of 0.45 applied to both. The color (z-axis) represents signal purity
and the box size is proportional to the amount of signal content in each bin. Black lines
show optimal cut values, which further divide the sample into the low and high PID bins
discussed in Sec. 5.3.1. From [112].

where S is the number of signal events remaining after the cuts, and B is the number of
background events [112]. All 3 cuts are tuned simultaneously, with separate tunings for
FHC and RHC events.

If an FD event failed the containment cut it can still be included in the analysis, through
the Peripheral sample. The event quality cuts for the Peripheral sample require a v, energy
between 0 and 4.5 GeV. This wider allowed range reflects the additional uncertainty from
energy lost outside the detector. There is an additional requirement that no more than
2.5 GeV can come from the electromagnetic shower. This new requirement was added to
remove high-energy beam v, background events [105]. Equation 5.1 was used to optimize
the energy cuts in increments of 0.5 GeV. One of the functions of the containment cut is
to remove cosmic backgrounds. The peripheral sample will have higher backgrounds as a
result, so we impose stricter PID cuts to account for this. We require a CVNe score of at
least 0.82 in FHC, and 0.90 in RHC. The CVNcos score must be less than 3.5 x 107> in
FHC, and less than 3.0 x 10~® in RHC. Finally, the peripheral v, cosmic rejection BDT
score must be at least 0.48 in FHC, and 0.52 in RHC. The cuts were tuned using the same

method as the core sample described in Sec. 5.2.
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If an event passed containment but failed the subsequent core cuts it has one more
chance to be included in the analysis, through the low-energy sample. At both the ND
and FD, the low-energy sample uses the same event quality cuts as the core sample, but
with a different energy cut, requiring a v, energy between 0.5 and 1.5 GeV. The PID cuts
are the same in both detectors. At these lower energies, there are higher backgrounds from
cosmic and NC events. Stricter cuts on CVN scores are applied alongside the specialized
low-energy BDT described in 4.2.5. For cosmic rejection we require a CVNcos score less
than 3.0 x 1074, and a v, cosmic rejection BDT score above 0.47 (this uses the same cosmic
BDT as the core sample). To reduce NC backgrounds, we require a CVNnc score less than
0.6. For signal selection, we rely mostly on the low-energy BDT, so the CVNe cut is looser,
requiring a score > 0.5. Much of the low-energy v, signal occurs at lower CVNe scores
as well, so this allows the potential for more v, events to be reclaimed [103]. Finally, a

low-energy BDT score greater than -0.05 is required.

5.2.3 v, selection

The v, event selection process is more straightforward, with only a single sequence of cuts,
outlined in Fig. 5.3. The broad categories are similar to v, but optimized for v,, events,
which amounts to a focus on the reconstructed muon track instead of prongs. We begin
with basic reconstruction and event quality cuts. The reconstruction requirements are that
the event has at least one 3D Kalman track with a valid ReMID score, a nonzero track
energy, and more than 20 hits spanning more than 4 contiguous planes in the detector.
The only event quality cut is on the energy, requiring a reconstructed v, energy between
0 and 5 GeV.

The containment cuts at the FD require the event to have no hits within 60 cm of the
top, 12 cm of the bottom, 16 cm of the east, 12 cm of the west, and 18 cm from the front or
back of the detectors. Additionally, there cannot be any hits in the first 2, or last 3 planes
of the detector. Finally, the end point of the track is propagated forward, and the start

point of the track is propagated backwards, to determine the number of planes crossed
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Figure 5.3: Cut flow diagram for the v, selection. Rectangles indicate categories of cuts.
There is an identical flow for both ND and FD, as well as FHC and RHC, but with different
cut tunings for each. The result is a single sample of v, candidate events for each detector,
that can then be binned in different ways described in section 5.3.

before reaching one of the edges of the detector. Both the start and back-propagated
tracks must cross at least 6 planes before reaching an edge.

At the ND, we require the hits in the event be contained in a volume defined by
e -180 cm < x < 180 cm
e -180 cm <y < 180 cm
e -180 cm < z < 180 cm

Additionally, the z-coordinate of the start point of the track cannot be greater than 1100

cm. The start and end points of the track are propagated forward /backwards as is done in
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the FD, and the forward-propagated track must cross at least 5 planes before encountering
an edge, while the back-propagated track must cross at least 10 planes. Both ND and FD
cuts were optimized using an identical procedure to the v, containment cuts [112].

The v, PID cuts use CVNm (the muon score from CVN), the ReMID score from the
highest scoring track in the event, and the v, cosmic rejection BDT score. We require a
CVNm score above 0.76, a ReMID score above 0.30, and a BDT score above 0.48. All
three cuts were simultaneously optimized using the figure of merit Eq. 5.1, with the one
difference that for the v, analysis, both right and wrong-sign events count as signal. Several
cases were considered: optimizing the FOM across the whole energy range, or optimizing
the FOM in the oscillation dip region, for either FHC or RHC modes. The cuts used
are those that optimize the FOM in the RHC oscillation dip region. These were found
to lower background while keeping a high number of signal events for both maximal and

non-maximal mixing values of 6a3 [112].

5.3 Analysis Binning

Once the v, and v, samples have been selected, we bin them in different ways to increase our
sensitivity to the oscillation parameters while fitting. This includes splitting the selected
samples into various sub-samples, as well as adjusting the number and width of energy bins
in the histograms themselves. The binning choices reflect the nature of the sample’s power
in determining the oscillation parameters in our analysis. The v, appearance analysis is
more akin to a counting experiment, where the number of v, vs. v, events is what gives us
sensitivity to the mass ordering and value of dcp. Therefore, the selection process included
the additional peripheral sample to reclaim events and the binning choice will focus on
enhancing the purity to ensure accurate counts. The v, events give us our sensitivity
to Am3, and sin® fa3 through measurement of the location and depth of the oscillation
dip between 1-2 GeV. The binning will then focus on the energy resolution, and making

a precise measurement of the dip. Binnings are the same between ND and FD selected
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samples, to allow for the corrections discussed in subsequent sections.

5.3.1 v, Binning

Each of the three v, samples (core, peripheral, and low-energy) have a unique binning
scheme, shown in Fig. 5.4 for the FD. The core sample is split into two sub-samples based
on CVNe score. A low-PID, and high-PID sample are defined, with the high-PID requiring
a CVNe score of at least 0.96 (0.98) in FHC (RHC), and the low-PID requiring a score
between 0.82 (0.87) and 0.96 (0.98) in FHC (RHC). This separation ensures most of the
non-v, background (primarily NC, and v, events) is in the low-PID sample. The high-PID
sample is then highly pure in v, events, with the remaining backgrounds coming from the
irreducible wrong sign and beam v, components. The histogram for each subsample uses
six 0.5-GeV energy bins across its 1-4 GeV energy range.

The peripheral sample events have missing energy from particles that exited the de-
tector. Therefore, we elect to not use the energy information in our fits, instead using
only a single bin to count the number of events. It can also be noted in Fig. 5.4 that the
peripheral sample has the highest amount of cosmic background, due to its proximity to
the detector edges.

The low-energy sample is already a small sample, so further binning optimization was
not pursued, as it is unlikely to lead to gains in sensitivity. We match the histogram
binning used in the core sample, with two 0.5-GeV energy bins covering the samples 0.5 -

1.5 GeV energy range.

5.3.2 v, Binning

The 1 - 2 GeV energy range, where the first oscillation maximum occurs, is the focus
of the v, disappearance analysis. We employ a variable binning scheme to improve the
precision for measuring the location and depth of the dip in reconstructed energy in that
range. Within the dip region we use fine bins of 0.1 GeV, the minimum size allowed by

our v, energy resolution. At higher and lower energies we have fewer events and lower
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Figure 5.4: Predicted FD v, candidate events for the Low-energy (left), FHC (middle)
and RHC (right) samples. The signal events are shown in purple, with the backgrounds
stacked below. Predictions were generated with the corrections described in Sec. 5.4, using
NOvA’s 2020 analysis best-fit oscillation parameters [113]. From [105].

oscillation probabilities, so we gradually increase the size of the bins there, which reduces
the computation time when fitting without sacrificing sensitivity [114]. The number of
bins was re-optimized for this analysis, resulting in a modest 1% gain in Am%2 sensitivity
over the previous analysis binning by splitting several bins just outside of the dip region
[115].

In Sec. 4.3.2 we described the energy reconstruction for v, events, and saw that the
energy resolution for hadronic energy is worse than muon energy, setting the scale for the
average FD v, energy resolution at 9.3% (8.0%) in FHC (RHC). To enhance sensitivity
to the disappearance measurement, the v, sample is split into sub-samples based on the
fraction of hadronic energy present in the event: Ep,q/E,. In each bin of reconstructed
energy, the FD v, selected sample is split into 4 parts ordered by hadronic energy fraction,
each containing 25% of the events in that energy bin. The boundaries defining these quar-
tiles are shown in Fig. 5.5 and separate the v, sample into 4 sub-samples with increasing
hadronic energy fraction. This acts as a proxy for binning by the energy resolution, with
the lowest hadronic energy quartile having the best energy resolution ( 6.5% in FHC, 5.4%
in RHC ), and the highest quartile having the worst resolution ( 12.6% in FHC, 11.2% in
RHC ) [106].

In addition to the increased energy resolution in the lower hadronic energy quartiles,

we also see most of the backgrounds confined to the highest quartile. This occurs because
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Figure 5.5: Hadronic energy fraction vs. reconstructed v, energy for simulated events
passing the full v, selection in the FD, for FHC (left) and RHC (right). The z-axis indicates
the event count in each bin. The blue and purple lines indicate the four hadronic energy
quartile boundaries for each sample. From [112].

the muon is the primary identifier of a true v, CC event, and less hadronic energy leads

to easier muon identification.

5.3.3 Transverse Momentum - pr

While the two NOvA detectors are functionally identical, their different sizes lead to dif-
ferent acceptances and selection efficiencies. This is primarily caused by side containment
of the muon in v, CC interactions at the ND. Figure 5.6 shows a cartoon of this effect.
This leads to a difference in the kinematics of the selected samples, and a sensitivity to
systematic uncertainties, particularly cross-section uncertainties [116]. Luckily, there are
reconstructed variables that are correlated with this effect, namely the transverse momen-
tum of the interaction, pt. Figure 5.7 shows a comparison of pt distributions for v, and
ve selected events in the ND and FD. The next section will describe corrections we apply
to our FD predictions using ND information. By binning our selected samples in pt while
applying the corrections, the ND data can constrain any pr dependence in our neutrino
interaction models, reducing the overall systematic uncertainty in our measurements [116].
The ND v, selected samples are used to define three equally populated bins of pr in both
FHC and RHC.
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Figure 5.6: A cartoon showing the different acceptances of the two detectors. A neutrino
event with high transverse momentum is more likely to be contained in the far detector.
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Figure 5.7: Reconstructed transverse momentum distributions. In both plots red is the
ND v, selected events. Blue is FD v, (left), and FD v, (right) selected events. For the
FHC beam. From [116].

5.4 Constructing Far Detector Predictions

While it is possible to simply use the MC simulation to predict the FD event rates, we
can take advantage of the identical designs of the two detectors to apply corrections to
the FD predictions using data/MC information from the ND. The result is a reduction in
systematic uncertainties that are correlated between detectors, primarily those related to
neutrino flux and cross sections. There are two main steps in this process. Each type of
neutrino event present in the beam at the ND will propagate differently to the FD. To
apply a correction using ND data we first need an estimate of the relative amounts of each

beam component in the data. We refer to this estimation process as beam decomposition.
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The second step, extrapolation, combines the ND data/MC differences with FD simulation
and oscillation parameters to derive a corrected FD prediction. The process is carried out
independently for the v/ v, signal and background channels, which use differing methods
for decomposition and extrapolation. Once each is complete, the extrapolated FD event
rates for signal and background are recombined, and additional FD-only backgrounds such
as cosmics are added in, resulting in the final FD prediction. We will describe the various
decomposition and extrapolation methods, and then summarize the techniques used for

each analysis sample at the end.

5.4.1 Beam Decomposition

Beam decomposition is used to estimate the relative fractions of each event type in our
ND data. In each of the ND selected samples, MC is scaled to exactly agree with the
data in each bin of reconstructed energy, and the proportions of each event type can
then be adjusted based on additional ND information. The method used to adjust the
event proportions depends on the selected sample being decomposed. The v, (7,) selected
samples use the signal decomposition method, while the beam backgrounds from the ND
v, selected samples use a combination of the Beam Electron Neutrino (BEN) and Michel
decomposition methods (together referred to as “combo decomposition”) or proportional

decomposition.

Signal Decomposition

The FD signal events for both the v, appearance and v,, disappearance analyses originate
from the v, (7,) sample at the ND. The ND v, selected sample is highly pure, and any
data/MC discrepancy is assumed to come from the v, (7,) events [105]. Accordingly,
the signal decomposition procedure scales only the v, (7,) components to get data/MC
agreement. In each bin of reconstructed energy, the simulation and data are compared,

and any data/MC disagreement is corrected by adjusting the amount of v, + v, events so
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that the total simulation agrees with data [18]. Any small backgrounds from other event

types are not scaled.

BEN Decomposition

In the v, appearance analysis, there are larger FD backgrounds coming from the beam.
This includes intrinsic beam v, CC events and NC events and v, CC events that appear
ve-like. To constrain them, we make use of their corresponding events in the ND v,
selected sample. In FHC, the decomposition process is done in two steps. First, the BEN
decomposition method is used to set the proportion of beam v, CC events in the ND v,
selected sample, using information from the parent mesons of the neutrinos. The Michel
decomposition is then used to adjust the remaining ratio of v, CC and NC events, using
differences in Michel electron counts in data and MC. In RHC, proportional decomposition
is used instead.

As discussed in Sec. 2.2.6, the intrinsic v, events in the NuMI beam come from kaon
decay, as well as the decays of muons coming from pion decay. By constraining the flux
of these mesons in the NuMI beam, we can then estimate the amount of v, events. BEN
decomposition does this using samples of contained and uncontained v, events in the ND.
The reconstructed v, energy distributions of these samples are shown in Fig. 5.8, with their
parent meson ancestry highlighted. The selection for the contained sample is the ND v,
selection from 5.2.3, and the selection for the uncontained sample is the same but excluding
the containment cut [117]. The contained v, sample is originating almost entirely from
pion decays, while the uncontained sample has a large population of events from kaon
decay. First, the pion rate is identified using the contained v, sample. A set of weights w,,
are calculated by taking the ratio of the estimated number of v, CC events from pions and
kaons in data vs. MC. These ratios are propagated back to the parent pions as a function
of pion momentum, to get a weight for the pions as a function of momentum (pr, p.) [16].
The kinematics of the pions that produced the v, events are very similar to those of the

pions that produce the v, events, as shown in Fig. 5.9. Therefore, we can apply the same
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pion event weights calculated from the v, sample to the events with pion ancestry in the
selected v, sample. The corrected rate of v, events from pions is then found by summing
over pion (pr,p.) in each reconstructed energy bin [118].

The remaining beam v, events from kaon decays are corrected using the uncontained
v, sample. A kaon scale, Sk is calculated by computing a ratio of the number of selected
v, CC events from kaons in data vs. MC. First, the pion component of the uncontained v,
sample is corrected using the pion weights from the contained sample. Then, the bins in
the 4.5-10 GeV range are combined to account for energy loss in the uncontained sample,
and the kaon component is adjusted to achieve data/MC agreement [18]. This scaling is

then applied to the ND v, selected events originating from kaons.
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Figure 5.8: Reconstructed v, energy distributions for the FHC contained (left) and un-
contained (right) v, selected samples in the ND. The events are split by their corresponding
parent meson, and used to constrain the pion and kaon flux in the BEN decomposition.
From [41].

Michel Decomposition

Once the proportion of v, events in the ND v, selected sample has been set by the BEN
decomposition, the remaining ratio of v, CC and NC events is determined by the Michel
decomposition. This is done using differences in the rates of Michel electrons between
the two types of event. While both types of events can produce Michel electrons through
the hadronic system (primarily via muons from pion decays), the presence of the primary

muon in the v, CC events means that on average the v, CC events will contain one more
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Figure 5.9: Simulated transverse vs. forward momentum for parent pions of v, (left) and
ve (right) CC events in the ND, for FHC mode. From [41].

reconstructed Michel electron than the NC events. Figure 5.10 shows the distribution of
the number of reconstructed Michels per event, for the ND v, selected sample.

The decomposition procedure is carried out separately in each bin of reconstructed
energy for the ND v, selected sample. The number of v, events in each bin is set by the
BEN decomposition, and kept fixed. The number of v, CC and NC events is then scaled
up so that data/MC agree in each bin. We then construct separate NMichel distributions
analogous to Figure 5.10 for each bin of reconstructed energy. Finally, the ratio of v, CC
to NC events are adjusted in each energy bin by performing a log-likelihood fit to data
using the NMichel distribution for that bin [119].

The Michel decomposition is only performed for energy bins in which at least 20% of
events in that bin have a reconstructed Michel electron. This is to ensure an accurate fit
can be performed to the NMichel distribution [119]. For bins without enough Michels, a

fallback to the proportional decomposition method is used (described below).

Proportional Decomposition

Proportional decomposition is a simpler method which only scales the MC to agree with
data in each bin of reconstructed energy, without further adjustments to the proportions

of each event type. It assumes the simulation has correctly modeled the relative ratios of
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right spotlights the simulated v, CC and NC events from the left plot, which are used in
the Michel decomposition. These Michels come from MEFinder (section 4.1.6) and must
pass an MID and AT cut. From [41].

the event types, but not the overall normalization in each reconstructed energy bin.

Currently the BEN+Michel decomposition method is used for the FHC Core v, back-
grounds, and proportional decomposition is used for the RHC v, backgrounds, the FHC
low-energy v, backgrounds, and as a fallback for low-statistics bins in the FHC Michel de-
composition. A combo decomposition method was developed for RHC, but requires storing
additional ND RHC data/MC information in the files, greatly adding to the computation
cost [105]. For this reason the proportional decomposition method was chosen instead.
Figure 5.11 shows the ND Core v, selected sample before/after decomposition has been
applied, along with the relative scalings applied by the FHC combo decomposition. Figure
5.12 shows the ND low-energy v, selected sample before and after the proportional decom-
position is applied. Note that there is no ND sample corresponding to the FD Peripheral
sample. For the FD peripheral sample backgrounds we will use the decomposition from

the high-PID Core v, bins, since they share similarly strict PID requirements.
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Figure 5.11: The ND v, selected samples in FHC (top) and RHC (bottom) after their
corresponding decomposition methods have been applied. The total MC before the correc-
tion is shown as a dotted red line. After correction, the MC agrees exactly with the data,
by construction. From [105].
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Figure 5.12: The ND low-energy v, selected sample, before and after applying propor-
tional decomposition. These are the events that will oscillate to become the beam back-
grounds to the FD low-energy v, selected sample. The first bin had a scaling of 2.56%,
and the second bin had a scaling of 11.7% applied. From [120].
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5.4.2 Extrapolation

Extrapolation is performed for both signal channels, and for the large v, backgrounds.
v, backgrounds from other oscillation channels, and all v, backgrounds, are too small
for data-driven corrections to be effective, and so are simply taken directly from the FD
simulation. A schematic of the extrapolation procedure is shown in Fig. 5.13, using the

v, — v, signal extrapolation as an example.
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Figure 5.13: Schematic diagram showing the extrapolation procedure for the v, — v,
signal events. From [29].

The first step is the decomposition described above, where the ND data is decomposed
using the corrected ND MC. Once we have a corrected ND spectrum, we can convert
it to true energy before extrapolating. This is done via a reconstructed-to-true energy
smearing matrix derived from ND simulation [121]. This requires an accurate conversion
between reconstructed and true energy, and so extrapolation in bins of true energy can
only be done for components that have good energy resolution, i.e., the v, — v, and
v, — Ve signal components (referred to as “truth extrapolation”) [121]. The backgrounds
contain mis-identified events, and so we do not expect the energy estimators to perform
well. For the background components, the corrected ND spectrum is not converted to true
energy, and the extrapolation is done in bins of reconstructed energy (referred to as “reco
extrapolation”).

The next step multiplies the decomposed ND data by a ratio of the uncorrected

Far/Near simulation, to get a FD prediction in true energy. For truth extrapolation this
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takes the form
NData(ET) % F (ET B. )
Nj1© (Ef )

FPred(ET B. ) —

a—f3

(5.2)

where N and F' represent event rates in the near and far detectors, normalized to data POT
in the appropriate detector. M C' indicates a rate derived directly from simulation, Data is
arate from the decomposition, and Pred is a predicted rate calculated by the extrapolation.
These rates are calculated for neutrino flavors a, 8 in the ND, FD respectively ® . Terms in
parenthesis indicate a binning, in either true energy ET indexed by 4, or analysis binning B
indexed by j (nominally the reconstructed energy, but which can take on any reconstructed
variable) [121].

For reco extrapolation the equation takes the form

Data T .
FPred(ET B) — N (B ) Faﬁﬁ(E B )
-7 N (B;)

«

(5.3)

Where the only difference is the binning of ND samples in reconstructed energy, since the
reco-to-true matrix was not applied.

This can then be multiplied by the oscillation probability, and converted back from
true energy to the analysis bins using the corresponding FD true-to-reco energy smearing
matrix.

F8(B;,0) =Y FI(E], By) x P(E],6) (5.4)

Here, the oscillation probability P is for a particular set of oscillation parameters d. Fac-
toring the prediction in this way allows us to easily recompute the rates at many different
values of the oscillation parameters ( for example, during fitting), without recomputing all
of the Ffﬁfg(ET Bj) terms [121].

There are two equivalent ways to look at this application of the extrapolation correction,

3For the purposes of extrapolation, neutral current is considered as a separate, non-oscillating flavor.
Additionally, there are vanishingly few v, in the near detector (ND MC does not include them at all), so
the allowed flavors are o € {ve, Ve, vy, vy, NC} and B8 € {ve, Ve, vy, Vy, Vs, vr, NC}H121].
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which in simpler terms takes the form

FMC _ NData
Nye  Nue

FPred - NData X X FMC . (55)

The first expression emphasizes a reweighting of ND data by the simulated far/near ratio,
which leads to the reduction in systematic uncertainties correlated between detectors. The
second expression emphasizes a reweighting of FD simulation by a data/MC correction.
The extrapolation captures both effects, so it is helpful to think of both reweightings
simultaneously.

Below is a summary of the different decomposition and extrapolation techniques used

for each of the primary samples in the analysis.

FD v, — v, Signal

Extrapolates the signal events from the ND v, selected sample to the FD v, selected
sample, using signal decomposition and truth extrapolation. During extrapolation, the
samples are split into four bins of hadronic energy, and three bins of pp, as described in
section 5.3, for a total of 12 extrapolated samples each in FHC and RHC. The pp bins are
summed together at the end, and the 4 FD hadronic energy samples are carried forward

in the analysis.

FD v, — v, Background

All beam backgrounds in the v, analysis are small, and taken directly from the FD sim-
ulation without corrections. Events are split into their corresponding hadronic energy
bins.

FD v, — v, Signal

Extrapolates the ND v, selected sample to the FD v, selected sample, using signal de-

composition and truth extrapolation. The samples are split into three bins of pp for the
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extrapolation, and recombined into their FD analysis bins at the end.

FD v, — v. Background

For the large v, backgrounds (beam v, NC, v-like v, CC) we extrapolate the ND v,
selected samples to the FD v, selected samples, using combo decomposition for the FHC
core and peripheral samples, and proportional decomposition for the low-energy sample
and RHC core and peripheral samples. Note that the peripheral sample uses the ND high-
PID bins from the core sample for its decomposition, as there is no corresponding ND
peripheral sample. Reco extrapolation is used in all cases, without pr binning. All other
beam backgrounds in the v, analysis are small, and taken directly from the FD simulation

without corrections.

5.4.3 Cosmic and Rock Backgrounds

As mentioned in the introduction, the final step in constructing the FD predictions is
to incorporate additional backgrounds coming from cosmic events, and beam neutrino
interactions in the rock surrounding the detector. As discussed in Secs. 2.3 and 3.1.3, the
rock sample comes from a special dedicated simulation of beam neutrino events outside
the detector, and the cosmic sample uses real data taken from the FD cosmic trigger to
avoid a costly simulation. As a reminder, this data is taken outside the NuMI spill window
so there is no potential overlap with beam events.

For both backgrounds we apply the full v, and v, selection cuts and analysis binnings
to get the corresponding backgrounds for each selected sample. The rock prediction is
taken directly from the simulation, without extrapolation applied, and can be scaled to
match the POT of the data used in the analysis. The cosmic sample comes from data
outside the beam spill, which has no associated POT. Instead, this sample is scaled based
on time, scaling down the cosmic data livetime to match the beam data’s livetime. For
the v, samples, the cosmic distributions are also smoothed to get a better estimate of the

energy dependence (described in Sec. 5.5.4). The backgrounds for each sample are then
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summed into the final predictions. The total cosmic background events before and after
scaling are summarized in Table 5.1. The number of predicted rock background events are

summarized in Table 5.2.

FHC | RHC
no scaling 885.5s livetime ‘ no scaling 332.6s livetime
v, All 2047 5.40 1047 1.13
v, Q1 223 0.49 81 0.07
v, Q2 237 0.52 99 0.09
v, Q3 352 0.77 151 0.14
v, Q4 1235 2.69 467 0.42

Table 5.1: Cosmic background events selected for all v, samples, and each v, quartile,
before and after scaling to match beam livetimes. Before scaling, the FHC cosmic sample
had a livetime of 406,368.56 seconds, and the RHC a livetime of 367,915.41 seconds. From
[122].

FHC RHC
Ve 2.62 038
Low-energy  0.15 -
Yy 0.020 0.005

Table 5.2: Predicted number of additional events from rock interactions in the FD selected
samples. From [105].

5.4.4 Final FD Predictions

The final FD predictions for the v, FHC and RHC sample in hadronic energy bins are
shown in Fig. 5.14. The prediction with all hadronic energy bins summed together is shown
in Fig. 5.15. The v, predicted samples are shown in Fig. 5.16. The total predicted event

counts are summarized in Table 5.3.
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Figure 5.14: Predictions for the FD v, selected events in the FHC (left) and RHC (right)
samples, split by hadronic energy fraction, with extrapolation applied. The total prediction
is shown in purple. The background components are shown as a stacked histogram below
this, with the remaining whitespace indicating the signal component. Predictions were
generated using the best-fit oscillation parameters found in Sec. 7.2.
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Figure 5.15: Predictions for the FD v, selected events in the FHC (left) and RHC (right)
samples, with all hadronic energy bins summed, and with extrapolation applied. The
total prediction is shown in purple. The background components are shown as a stacked
histogram below this, with the remaining whitespace indicating the signal component.
Predictions were generated using the best-fit oscillation parameters found in Sec. 7.2.
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ples, with extrapolation applied. The total prediction is shown in purple. The background
components are shown as a stacked histogram below this, with the remaining whitespace
indicating the signal component. Predictions were generated using the best-fit oscillation

parameters found in Sec. 7.2.

Table 5.3: Predicted event counts for the v, v. and Low-energy selected samples in the
neutrino beam, and 7, and 7, samples in the antineutrino beam. The low /high PID, and
Peripheral samples are combined in the v, (7.) columns, while the low-energy sample is
shown separately due to its novel status. Signal in the v, (7,) columns includes wrong-sign
events and some v, from Others. Predictions were generated using the best-fit oscillation

v-beam

15
bkgd.

Beam
bkgd.

Low PID

Wrong Sign

10—

Events

Cosmic
bkgd.

High PID

Best-Fit
Prediction

Core

Peripheral

1 2 3 4

1 2 3
Reconstructed Neutrino Energy (GeV)

FHC RHC
Sample vy ve  Low-energy o, Ve
Uy =y 372.3 4.3 0.3 24.4 0.2
Vy =V, 24.5 0.1 0.0 71.5 0.2
Uy —Ve 0.4 1253 34 0.0 21
Vy —Ve 0.0 1.8 0.1 0.0 18.9
Beam v+ v, 0.1 26.1 0.8 0.0 6.5
NC 5.5 16.8 5.3 0.8 20
Cosmic 4.4 5.5 0.5 0.7 1.1
Others 1.5 0.8 0.1 0.2 0.1
Signal 397.6 125.3 3.4 96.0 18.9
Background 11.0 554 7.1 1.7 12.2
Total 408.6 180.7 10.5 97.7 31.1

parameters found in Sec. 7.2.
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5.5 Systematic Uncertainties

When extracting oscillation parameters through our fits to data, we account for over 60
systematic uncertainties covering many aspects of our simulated model [105]|. Described in
Sec. 5.6, likelihoods are minimized with respect to systematic terms as well as oscillation
parameters. To determine the likelihood as a function of systematics, a new set of simulated
predictions are created for each systematic, where the effect has been applied at the 41 and
420 levels. This is done either by using functions to reweight the energy distributions of the
nominal predictions, or for more complex effects, by making new predictions from scratch,
rerunning the full reconstruction chain over dedicated samples with a systematically-shifted
simulation. Within the fits, a continuous systematic range is necessary, so the final spectra
from the 1o, and 20 predictions are interpolated to get values between the nominal and
1o, and 20 levels [111]. The broad categories of systematic are flux, neutrino cross section,

detector response and calibration, and other systematics.

5.5.1 Flux Systematics

The flux systematic covers uncertainty in our simulation coming from mismodeling of
the production and transport of hadrons in our beamline (described in Sec. 3.1.1), which
subsequently decay to create neutrinos. The Package to Predict the Flux (PPFX) [55],
which provides data-driven corrections to our proton target cross-section, is also used
to construct the uncertainty using a multiverse technique. A statistical ensemble of 100
“universes” are considered where the cross sections in our proton target have been varied
within the allowed uncertainties of the PPFX data constraints [123]. For each of these
universes, an additional 20 scenarios are considered that vary parameters related to the
subsequent transport of hadrons, such as focusing horn position and current, beam position
and spot size, and target position [18]. The result is 2000 fluctuated universes, each with
their own weights that can be used to correct the default simulation of neutrino interactions

to achieve that universe [124|. For each universe, a covariance matrix is constructed in
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true energy bins of the resulting neutrino interactions. These matrices are then summed,
forming an average covariance matrix. Since the flux uncertainties are known to be highly
correlated across true energy bins since we are off-axis, and to reduce the dimensionality
of our fits, we can summarize their effects using a Principal Component Analysis (PCA)
on the averaged covariance matrix [124]. The matrix is diagonalized, with the eigenvectors
taken as the principal components (PCs) and the size of their eigenvalues determining their
ranking. The 5 largest PCs are chosen as the final flux systematics, and scaled up by 25%

to ensure proper coverage of the full underlying systematic effect [105].

5.5.2 Cross-Section Systematics

Cross sections and final state interactions (FSI) represent the largest category of systemat-
ics, with 78 systematic “knobs” that modify interaction models in the fit [105]. This is done
through GENIE [52], which has weights that can be applied to individual events using their
neutrino truth information [40]. There are knobs affecting all of the simulated interaction
modes described in Sec. 3.1.2. New for this analysis are additional knobs targeting RES
and DIS events, to account for mismodeling of pion production in the transition region
between the two types of event [125].

Since the extrapolation process reduces the impact of cross section uncertainties, many
of the systematics will have a small effect on the final fit results. To reduce computa-
tion time when fitting, we split the list into “large” and “small” groups, with the large
systematics treated individually, and the small systematics encompassed in a PCA. The
distinction is determined by the Ayx? the +/-1o shifted samples produce with respect to
the nominal predictions, with any that have an impact above Ax? = 0.005 considered as
large [126]. Additionally, any systematics that are being included for the first time are
placed in the “large” group regardless of 2. Thirty of the systematics fall in the large
category, summarized in Table 5.4.

We conduct a PCA on the remaining 48 small systematic knobs to summarize their

effect. Similar to the flux systematic, we use a multiverse technique where 1000 universes
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are generated with variations in the systematics. The averaged covariance matrix in true
neutrino energy bins is constructed, and diagonalized, with the eigenvectors of the matrix
taken as the PCs [126]. The eigenvalues are used to rank the PCs, with the 8 largest
included as individual systematics in the analysis, with a 35% upscaling to ensure good

coverage of all the underlying effects [105].

Table 5.4: Name and short description of the effect in simulation for the 30 “large” cross
section systematic knobs. Those with a star are new for this analysis. From [105, 111, 125].

Systematic Name Effect

ZNormCCQE Normalization parameter in the CCQE z-expansion

axial form factor

ZExpAxialFFSyst2020 EV{1,2,3,4} Four correlated CCQE z-expansion axial vector shape

variations
MECEnuShape2020 FE, dependence of MEC for neutrinos
MECEnuShape2020AntiNu FE5 dependence of MEC for antineutrinos
MECShape2024Nu (go, |q]) dependence of MEC for neutrinos
MECShape2024AntiNu (qo, |G]) dependence of MEC for antineutrinos
MECInitStateNPFrac2020Nu Fraction of MEC interactions on neutron-proton pairs

for neutrinos

MECInitStateNPFrac2020AntiNu Fraction of MEC interactions on neutron-proton pairs

for antineutrinos

MaCCRES Mass parameters in the axial form factors for resonant

production in CC events

MaNCRES Mass parameters in the axial form factors for resonant

production in NC events

MvCCRES Mass parameters in the vector form factors for reso-

nant production in CC events

MvNCRES Mass parameters in the vector form factors for reso-

nant production in NC events
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Table 5.4: Name and short description of the effect in simulation for the 30 “large” cross
section systematic knobs. Those with a star are new for this analysis. From [105, 111, 125].

RPAShapeenh2020 Higher-Q? Enhancement for Random Phase Approxi-
mation in CCQE

RPAShapesupp2020 Low-Q? Suppression for Random Phase Approxima-
tion in CCQE

LowQ2RESsupp2020 Low-Q? Suppression in RES events

RESvpvnRatioNuXSecSyst * Relative RES cross-section scaling of Zélﬂ'i %

RESvpvnRatioNubarXSecSyst * Relative RES cross-section scaling of ggii ;

RESDeltaScaleSyst *

Scales the normalization of RES interactions which

produce a A

RESOtherScaleSyst *

Scales the normalization of RES interactions produc-

ing higher order resonances

DISNuHadronQ1Syst *

Relative scaling of v DIS interactions with 2 final state

hadrons with total Q=1

DISNuBarHadronQO0Syst *

Relative scaling of v DIS interactions with 2 final state

hadrons with total Q=0

DISvnCClpi_ 2020

Normalization factor of 17 final states in DIS scatter-

ing of neutrinos from neutrons

hNFSI _MFP 2024

Neutrino mean free path in FSI

hNFSI FateFracEV1 2024

Largest of three FSI correlated ‘fate fraction’ shifts

radcorrnue Ve/v, cross-section differences from radiative correc-
tions

radcorrnuebar Ve /v, cross-section differences from radiative correc-
tions

2ndclasscurr Cross-section differences from second-class currents

5.5.3 Detector Response and Calibration Systematics

Some of the most significant uncertainties are related to the model of our detector response

and the calibration process. Modifying the underlying parameters for these systematics
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can have many effects that are hard to quantify with a simple scaling of neutrino energy.
For example, changing the amount or energy of hits, which then alters the reconstruction
and PID performance. Therefore, to quantify their effects necessitates a partial or full
re-simulation of the ND and FD samples. For each of the +1 and/or +20 shifts, a new
sample is made. Some systematics consider all four shifts, while some only consider +1o,
or are one-sided shifts in the 4 or - directions. These samples are processed through the
full reconstruction chain, and separate predictions are generated for each shift of each

systematic. These are described below.

Light Level and Cherenkov

The light level and Cherenkov systematics modify parameters in the light level tuning
procedure described in Sec. 3.1.2 to get +1o0 shifted predictions. Specifically, the light
level systematic varies the Fiiew detector-specific scaling parameters in equation 3.1, while
the Cherenkov uncertainty varies the Cherenkov scaling parameter €. The amount that
each parameter needs to be adjusted up/down to correspond to a +1o shifted prediction

4. For ec, the amount is found by

is determined during the light-level tuning procedure
profiling the parameter during the light level tune fit, while allowing the attenuation and
FD view scale parameters to float (the ND parameters are kept fixed, and are covered by
the light level systematic) [127]. Figure 5.17 shows the resulting profile, with 1o, 30, and
50 ranges of the parameter indicated. The 30 range was conservatively chosen for the
systematic, which shifts the value of ec by +0.05 (£ 6.2%) [127].

For the light level systematic, a similar approach was used, where the ND and FD Fijey
scaling parameters were profiled and the 30 confidence interval was used to set the scale
of the uncertainty. For each detector, a likelihood surface was constructed, with the X

and Y-view scaling parameters as the axes, and the other parameters profiled as nuisance

parameters in the fit [127]. This means that at each point in the surface the X and Y-view

4As a reminder, the light tune procedure is a joint fit which varies the light level parameters to achieve
data/MC agreement in several selected samples simultaneously (ND muons, protons, and cosmics, and FD
cosmics).
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Figure 5.17: Profile of the Cherenkov scaling parameter in the light level tune fit. ND
view scaling parameters were held fixed, while all other parameters were allowed to float.
The 30 range here was used to set the scale of the Cherenkov uncertainty. From [127].

parameters are set to their axis values, and the other parameters are fit to the data to find

the values that minimize the x? for that point. The resulting surfaces are shown in Figure

5.18. For each surface, the width of the 3o ellipse covers a range of approximately 4+0.05

on each axis. Therefore, the light-level uncertainty was set as a £5% scaling of the Fyiew

parameters for each detector. Therefore the +10 shifted systematic predictions will have

an increase/decrease in the light level of 5%.
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Figure 5.18: The ND (left) and FD (right) profiles of the X and Y Fyjew scaling parameters
in the light level tune fit. 3 and 50 bands are drawn, and the extent of the 3o bands were
used to set the light level uncertainty. From [127].
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Calibration Energy Scale

The absolute calibration process uses stopping cosmic ray muons as a standard candle to set
the absolute energy scale (Sec. 3.2.2). ND Data/MC ratios of additional standard candles
such as beam muon and proton %, neutral pion decays, and Michel electrons are used
to define the uncertainty in the energy scale. Historically, NOvA used a 5% uncertainty

set by the largest discrepancy, the beam muon and proton %. For this analysis, the

updated light level tune resulted in significant improvement to muon and proton %, and
all standard candles now fall under 2% uncertainty [127]. However, it was decided to
maintain the 5% uncertainty level until more studies could be conducted that consider
different contributions from electromagnetic, hadronic, and muonic systems [127].

Since we cannot effectively determine whether the ND data/MC ratios extend to the
FD, we consider two separate systematics for the energy scale: a fully correlated and anti-
correlated uncertainty, to bracket all possible scenarios. The fully correlated systematic

applies the same + /-5% shifts to both ND and FD. The anti-correlated systematic applies
opposite +5% and -5% shifts in the ND and FD [127].

Calibration Shape

The calibration shape systematic is used to account for uncertainty in the relative calibra-
tion process (Sec. 3.2.1) particularly the difference in response close to the ends of cells.
Linear fits to data/MC ratios of the PECorr/cm vs. W in each view were used to define
an uncertainty as a function of W, with different slopes in the middle of the detector vs.

the edges [127].

Muon Energy Scale

We account for additional uncertainty in the muon energy that comes from uncertainty
in determining the muon track length. Separate systematics are considered which cover

different correlated and uncorrelated effects, and are applied by varying the muon track

122



length in simulation, and redoing the reconstruction which results in a varied energy esti-
mate. The first three cover effects that are uncorrelated between the FD, ND, and muon
catcher, and have uncertainties of 0.13% (ND), 0.15% (FD), and 0.51% (muon catcher).
These are dominated by detector mass accounting, primarily uncertainty in the exact vol-
ume/density of the FD scintillator and ND PVC mass [128]. The next is a correlated
systematic that has uncertainties of 0.74% in the ND and FD, and 0.13% for the muon
catcher®, which are dominated by muon range uncertainty coming from GEANT4, as well
as mass accounting [128]. Finally, there is a systematic to deal with neutron pile-up at the
ND, set as a one-sided +7 MeV up-scaling, and a systematic for uncertainty in the true

initial energy of muons, which uses a one sided -9 MeV down-scaling [128|.

Geant4 Reweight

New for this analysis, GeantdReweight [129] is an event reweighting framework that allows
us to quantify the effects of changing our Geant4 hadron model without needing to re-run
simulation. There are 11 systematic knobs covering uncertainties on inelastic scattering
of hadrons produced in primary neutrino interactions as well as subsequent interactions
of the particles in the detector [105]. They are incorporated into the analysis via a PCA
similar to the GENIE and Flux systematics. The main difference is that the covariance
matrices are constructed in reconstructed instead of true neutrino energy bins. This is
because the systematic knobs only affect the particles produced in the interaction and do
not affect the true energy of the neutrino. Three PCs are used, with a 100% scaling factor

applied to ensure proper sensitivity coverage [130].

Detector Aging

The detector aging effect, discussed in Sec. 3.14, is covered by a systematic sample which

models the degradation of the scintillator as a simple linear decrease in the light model as a

5This means for an no shift up, each detector has their track lengths shifted up by nx the corresponding
percent.
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function of time. The rate of 4.5% per year was chosen to match the decrease in NHit shifts
seen in data, and is offset by a corresponding increase in the calibration constants which
preserves muon response [111]. The effect can only decrease the scintillation efficiency, so
this is implemented as a one-sided systematic, only allowing positive shifts. The effect is

expected to be the same in both detectors so it is also a fully correlated between detectors.

5.5.4 Other Systematics

This section contains the remaining systematics that don’t fit neatly into one of the other

categories, or encompass several effects.

Neutron Model - MENATE

Neutrons are commonly produced in antineutrino interactions, so it is important we un-
derstand their uncertainty in our model. We account for neutron mismodeling using a
systematic sample that replaces our baseline Geant4 simulation with one that uses a dif-
ferent neutron model, MENATE [131, 132], which includes additional data-derived cross
sections for interactions on carbon. MENATE improves data/MC shape agreement in sev-
eral neutron prong variables, including the prong energy as shown in Fig. 5.19. There are
still some residual scaling differences, so an additional 33% scale factor is applied to the
systematic to cover the difference [133]. Since the model can only be turned on or off, the

systematic is included as a one-sided +1o shift.

Cosmic Scale

The cosmic scale systematic is based on the statistical uncertainty of the cosmic data
samples added into the predictions. For the v, samples, the +/- 1o error in each bin of
the cosmic distribution is taken as the corresponding range for a Poisson distribution with
mean equal to the unscaled cosmic events in that bin [111]. The error is then scaled down
by the same amount as the events to match the beam livetime before being added in to the

predictions. For the v, samples, the shape of the energy distribution has more of an effect
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Figure 5.19: Neutron prong energy for standard (left) and MENATE-supplemented
Geant4 simulation (right). Prongs come from a neutron enhanced sub-sample selected
from the ND RHC v, sample (the largest sample of neutrons available). Simulation is
broken down by immediate particle type that produced the prong, with neutron related
prongs in warm tones, and other primary particles in cool tones. From [133].

on results, so we smooth the cosmic spectra using a Kernel Density Estimate (KDE), which
is a standard statistical technique for approximating the shape of unknown distributions
[122]. An example of the smoothed distributions is shown in Fig. 5.20 for the FD FHC v,

quartiles.

5.5.4.1 Normalization

The normalization systematic consists of several small systematic effects that affect the
overall normalization of our final predictions and are not accounted for elsewhere. These
are an uncertainty on the POT of 0.55%, an uncertainty in ND/FD mass differences of
0.19%, a simulation uncertainty of 0.4% meant to account for the impact of air bubbles
in the liquid scintillator not simulated in GEANT4, and an uncertainty of 0.5% in the
reduction in efficiency from pile-up in the ND [134|. The individual effects are added in

quadrature to get a final normalization uncertainty of 0.86%.

5.5.4.2 Michel Tagging

The efficiency with which we tag Michel electrons can affect the v, background estimate

through the Michel decomposition process. This is a small effect, so instead of creating
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Figure 5.20: Selected cosmic events and their corresponding KDE for the FD FHC v,
quartiles, before scaling to match beam livetimes. The KDE error is shown in blue, and
the Poisson error is shown as the black bars on the data points. From [105].

new systematic MC samples that vary the efficiency (a computationally costly endeavor),
the tagging efficiency is artificially varied by randomly forcing 5% of Michels to pass/fail
selection cuts for the +1¢ shifts. Carrying this through to the final v, predictions results
in a 1-2% shift in the v, background [135].

5.5.5 Summary of uncertainties and the effect of extrapolation

The effect of the systematic uncertainties on the final FD predicted event counts before
and after extrapolation are summarized in Fig. 5.21 for the v, sample, and Fig. 5.22 for
the v, sample, for both FHC and RHC. These illustrate the overall reduction in systematic
uncertainty that extrapolation achieves, particularly for the large correlated systematics
such as flux and cross-section. There are a few systematics for which extrapolation in-
creases the uncertainty, such as lepton reconstruction ¢. This comes from introducing ND

information with a higher degree of uncertainty into the FD predictions, but is more than

5This is referred to as “Muon Energy Scale” systematic in the section above. Additionally, “Near-Far
Uncorr” refers to the normalization systematic.
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made up for by the reduction in the largest uncertainties.
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Figure 5.21: Summary of errors on the integrated number of v, selected events for the
FHC (left) and RHC (right) samples, with all quartiles summed. Errors bars are shown for
predictions before (blue) and after (red) extrapolation is applied, and represent the +1o
ranges for each systematic sample. The total error, taken as the sum in quadrature of the
individual errors, is shown at the bottom. Predictions were generated using the best-fit
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5.6 Fitting Oscillation Parameters

Historically, NOvA has used a frequentist statistical approach to fitting oscillation param-
eters [113, 136, 137|. In 2023, a Bayesian approach to inference was used to analyze the
NOvVA data for the first time [138]. This analysis contains results that employ both ap-
proaches, which are described below. In both cases, the oscillation parameters are found

by minimizing the binned Poisson log-likelihood function

5.9 5. 0 M g?
—2InL(f, ¢ :—22 6,¢) —O0; + O;In Z 27, (5.6)

Ei(0,0)] =9
where Ez(g, 5) are the predicted event count in analysis bin 7, as a function of oscillation
parameters g and systematic uncertainties 5, and O; are the observed data in analysis bin
i. The second term is a sum is over the systematic uncertainties, computing a penalty
term for each, where ¢; and o; are the values and 1o ranges of systematic parameter j.
These terms serve to keep the systematic parameters from being pulled too far away from

their central values, with larger pulls incurring a larger likelihood penalty.

The simulated model used to predict the event counts at the FD uses the full oscillation
probability in matter described in Sec. 1.2. The NOvVA baseline L and density of the Earth

p are held fixed at
L =810 km
p =274 g/em?

The solar oscillation parameters, which NOvA is not sensitive to, are held fixed at the

values determined by the PDG [79]
Am3; =753 x 107° eV?
sin2(012) = 0.307 .

The remaining oscillation parameters, Am3,, sin® a3, dcp, and sin® 2603 are allowed to

vary in the fit, along with the systematic uncertainties.
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Our sensitivity to sin? 263 is relatively low due to degenerate oscillation effects from
the other parameters. At the same time, this parameter has been strongly constrained by

the Daya Bay reactor neutrino experiment [139]
sin? 2613 = 0.0851 & 0.0024 .

This recent result is the most precise to date, and the data release for the publication
included a 2D x? surface for their measurement of Am%2 and sin® 26,3 as well, which
makes it straightforward to include these as additional constraints in our fits. We consider
several constraint options: no constraint (NOvA-only measurement), a 1D constraint on
sin® 20,3, or a 2D constraint on sin® 26,3 and Am%Q. The details of the implementation are

specific to each statistical approach described below.

5.6.1 Frequentist Techniques

In the frequentist approach to fitting, we consider the log-likelihood as a x? statistic

—,

X230, ) = —2L(0, ) (5.7)

and the vector of parameters that minimizes this y? is taken as the “best-fit” oscillation
parameters. This minimum point, and its associated parameters, are referred to as the
“best-fit” point X%e & Along with this best-fit point we present 1D confidence intervals,
and 2D confidence regions, which are plots showing the regions of parameter space that,
under many repeated independent trials of the experiment, we would expect to contain the
true value of the parameters a certain percentage of the time. Typically these are drawn
as contours indicating the 1o, 20, & 30 (68.27%, 95.45%, 99.73%) confidence levels. These

regions are defined by means of the test statistic

AX(0,6) = x*(0,0) = Xpest- (5-8)
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At each point in the phase space under consideration (for example, a 2D plot of Am3,
vs. sin? fa3) we calculate Ax? using the parameter values at that point, while fitting the
remaining oscillation and systematic parameters, to find the combination that gives the
lowest Ax2. This fit over the parameters not on the axes is referred to as “profiling” the
parameters. In the Gaussian approximation, there are then well-defined cutoffs of Ay? that
correspond to 1o, 20, & 30 levels. For example, for a Ax? with two degrees of freedom they
are Ax? < 2.30 , Ax? < 6.18, and Ax? < 11.83 respectively [23]. However, for several
reasons, our experiment does not fall under the Gaussian approximation. Many of the
bins, particularly near the disappearance maximum, can have very low event counts and
are subject to Poisson fluctuations. Our parameter space also contains effective physical
boundaries such as sin? a3 restricted between 0 and 1, and a poorly-constrained cyclic
parameter in cp. Using the Gaussian Ax? cutoffs in this context will likely result in the
confidence intervals and contours containing the true values of the parameters at a different
rate than the stated 1o, 20, & 30 coverage [111].

To determine the cutoffs in Ay? that do ensure proper lo, 20, & 3 o coverage we use
the unified method of Feldman and Cousins [140]. At each point in the parameter space
under consideration we create an ensemble ( O(10%) ) of mock experiments with statistical
fluctuations applied to each bin. We calculate the Ax? for each experiment and histogram
them. We then find the Ax? of the mock experiment corresponding to the quantile of the
desired confidence level (e.g. 90%), and subtract from it the lowest Ax? out of all the
experiments (i.e. the overall best fit of all possibilities). This gives the Ax? cutoff value
for the desired confidence level for that point in parameter space. This process is repeated
for all points in the space we are considering. For example, for a 2D plot of sin?fa3 vs.
dcp we may consider a 30 x 30 grid of points in the expected range for each parameter.
We can then draw the confidence level contours for the actual Ax? using the “corrected”
cutoff for each grid point on the plot. One other consideration is what to do about the
nuisance parameters (i.e. the systematic and oscillation parameters not on the axes). To

deal with these, we profile the parameters before throwing mock experiments [141].
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Due to the large number of sample generations and fits required, this process is car-
ried out on supercomputers at the National Energy Research Scientific Computing Center
(NERSC), which brings the time to results down from months to weeks [142].

Finally, when it comes to the Daya Bay constraints, the 1D constraint on sin® 26,3 is

implemented as a Gaussian penalty term in the fit. This gets added on to the x? giving

(z — p)?

. (5.9)

X ="+
where p is the result (0.0851), o is the error on the result (0.0024), and x is the value of

sin® 2015 being considered. For the 2D Daya Bay constraint on Am3, and sin? 2613, we

simply add the x? from the provided surface at the corresponding point in parameter space
X’ =x*+xbs - (5.10)

5.6.2 Bayesian Techniques

Bayesian statistics estimates parameters ) using Bayes theorem

P0|%) = — p (5.11)

—

where P(0|Z) is the probability that the parameters g are true given the data &, refered to

—

as the posterior. P(Z|f) is the likelihood, which is found via Eq. 5.6:

—

In P(6]Z) = —2In L(6, $) . (5.12)

P(67) is the prior, which represents our knowledge of the parameters, and constrains the
posterior accordingly. It is also possible to choose an “uninformed” prior that is constant
across the range of the parameter. Finally, P(Z) is the evidence, or probability of observing
the data. It is independent of the parameters, and acts only as a normalization constant.

Since the NOvA data is fixed, and our goal is to find the parameters that maximimize
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the posterior (not the absolute posterior probability), we can then ignore this term when
estimating parameters [138]

P(0|Z) ~ P(Z]6) x P(6). (5.13)

In Bayesian statistics we also wish to make statements about our degree of confidence
in the values of the parameters that we find that maximize the posterior. We make 1D or
2D plots of the posterior probability for some chosen parameters, and define 1D “credible
intervals”, or 2D “credible regions” which indicate the 1o, 20, & 30 regions containing
the highest probability bins that yield 68.27%, 95.45%, & 99.73% of the total probability
distribution respectively [143|. These credible regions differ from the frequentist confidence
intervals in that they represent a region, under our specified model, that should contain
the true value with the given probability [144].

When making these plots we also need to deal with the nuisance parameters. In
frequentist statistics we profiled over the parameters not being considered, but in Bayesian

statistics we instead “marginalize” over them by integrating the likelihood across them:

— -

Pw@:/m@ﬂ@w. (5.14)

Here 6 are the parameters of interest and § are the nuisance parameters.

The exact calculation of the posterior can quickly become difficult when the parameter
space extends beyond just a few parameters [143]. With NOvA’s large number of system-
atics and oscillation paramters, a different analytical approach is necessary to estimate the
shape of the posterior. We use Markov Chain Monte Carlo (MCMC) to solve this problem.
The Markov Chain builds up a series of sampled points (the “chain”) where the next point is
chosen from a probability distribution based on the current point. An example is shown in
Fig. 5.23. This is an efficient way of estimating the posterior, and can achieve any desired
degree of precision given enough samples [145]. NOvA uses the Metropolis-Rosenbluth-
Rosenbluth-Teller-Teller-Hastings (M R?*T? H) sampling method [146], referred to as ARIA

(for Arianna Rosenbluth, a major contributor).
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Figure 5.23: An illustration of the MCMC sampling technique used by NOvA, for a 1D
example scenario. The chain of points is built up by iteratively proposing a new point,
sampled from a Gaussian distribution, and randomly deciding whether to accept it and add
to the chain, or stay at the current point. The acceptance criteria prefers higher density
regions based on the posterior, so with enough samples we build up the correct distribution
shown on the right. From [147].

The Daya Bay constraints for Bayesian results are applied in a straightforward way
by simply multiplying the posterior (with appropriate normalizations) by the likelihood of
the external constraint [143]. So the MCMC sampling only needs to be done once to get
a posterior without any constraint, and then we can get 1D or 2D constrained versions by

simply multiplying by the likelihood of the corresponding Daya Bay constraint.
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Chapter 6

(Gaining Sensitivity

NOvVA is now a mature experiment, with many years of data and a robust analysis pro-
cedure. Other than the inclusion of new data, we primarily expect gains in sensitivity to
come from squeezing out any additional sensitivity that we can from the existing data.
This means smaller analysis optimizations or additions, as opposed to large overhauls of
the procedure. In the years leading up to this analysis we conducted several studies that
examined the state of the 3-flavor analysis, and looked for additional ways in which we
could improve our sensitivity to oscillation parameters. This chapter covers the results
of these studies, some of which led to new additions in this analysis, while some could
be targeted for future analyses. First we describe the implementation of the Daya Bay
constraint on sin® 2613 and Am3,, and look ahead to how our sensitivity to the oscillation
parameters might evolve over time. Then, we discuss efforts to reclaim both v, and v,
events that were failing cuts, and the motivation for the new low-energy sample. Finally,
we go over the many improvements that I made to the Michel electron reconstruction, and
conclude with ideas for its future application to the 3-flavor analysis.

Since many of the studies in this section were conducted in years prior, before the
details of this analysis had been finalized, they may use the datasets, selections, and/or
systematics from NOvA’s 2020 analysis [113]. The overarching procedure is largely the

same, but with some of the re-optimizations for the new simulation and other updates
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detailed in previous chapters. A full summary of the 2020 analysis methodology can be

found at [111].

6.1 Daya Bay Constraints and Future Sensitivity

One way we can improve our sensitivity to oscillation parameters is by incorporating
results from other experiments as additional constraints in our fits. In past NOvA 3-flavor
oscillation analyses, we used the PDG value of sin® 26,3 as a constraint, implemented as
a Gaussian penalty term in the same way as the 1D constraint described in Sec. 5.6.1
[113]. However, in 2022 Daya Bay was expected to release a new precision measurement
of sin? 26,3 alongside a measurement of the mass splitting Am%Q. We had previously
only incorporated a constraint on sin®26;3 and were interested in whether including a
constraint on Am§2 as well could further improve our sensitivity. To gauge the impact of
such a constraint, and understand its potential effect on future measurements, we compared

fitting results with several different constraints at current and future POT levels.

6.1.1 Implementing the constraints

We considered several versions of a Daya Bay constraint, using their 2018 results [148] as the
2022 results hadn’t been published yet. First is the nominal 1D PDG constraint on sin? 26,3
that NOvA had been using. Then, the two independent 1-Dimensional constraints using
the Daya Bay results is implemented in the same way as the existing sin® 26,3 constraint.

So, one constraint using their measurement for sin? 263,

sin 2613 = 0.0851 4 0.0024 (6.1)

and a separate constraint using their measurements for Am3, in each mass ordering

AmZ, = 2.471 4+ 0.07 x 107 V2 (Normal Mass Ordering) (6.2)
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Am2, = —2.575 4 0.07 x 1072 eV? (Inverted Mass Ordering) (6.3)

[148]. Lastly, we applied a constraint that used the provided 2D 2 surface for their results.
This required some additional treatment. Daya Bay does not measure Am3, directly. At
their short 1 km baseline, they instead measure an effective mass-squared difference Am?,
related to the wavelength of the oscillation [139]. They measure the v, disappearance
oscillation channel, which has an oscillation probability given by

Pve - v,)=1-— cos® 613 sin® 2615 sin® Ay

(6.4)
— sin? 2013 (cos2 01 sin® Az + sin? 615 sin? A32) ,

where A;; = 1.27Am?jL /E with L as the baseline and E as the neutrino energy. At their
baseline, the two oscillation phases As; and Asy are indistinguishable [149], and so the

terms in the parentheses are approximated by the effective phase Am2,:
PV, — 1e) = 1 — cos™ 03 sin? 2015 sin?® Ag; — sin? 2613Am2, . (6.5)
Their measurement of Am?2, can then be converted to Am3, via the equation
|Am§2| = |Am§e| — acosQ(Olg)Amgl , (6.6)

where « is 1 in the normal/inverted mass ordering, and the solar oscillation parameters
are fixed at their PDG values. Their data is provided as a grid of points in Am2, vs.
sin® 20,5 space, with each point giving their measured y? value for that combination of
parameters. To turn this into a usable constraint in our fits, we first convert the grid of
points to a surface, using ROOT’s TGraph2D class. This allows us to interpolate between
points using the functions provided by the class, to get x? values at any combination of
parameters, a requirement in our fits. In the fits, for a given value of Am3, and sin® 26,3,

we would first convert to Am?2, using Eq. 6.6 !, and then sample that point from the

'In the data release for their latest 2023 publication [139] they provided a grid of points in Am2, vs.
sin? 2013 space as well, so we are able to skip the conversion step and just directly use that surface for the
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TGraph2D object to get the correct 2.

6.1.2 Impact on oscillation parameters

To gauge the impact of the constraints on our oscillation measurements, we construct sep-
arate 2D frequentist confidence regions using each constraint, and compare them. The FD
predictions used in the fits here were made using the selections, binnings, and systematics
from NOvA’s 2020 analysis [113]. When doing preliminary tests like this, we don’t use
real data in order to avoid bias. Instead we generate “fake data” which is just a predicted
FD spectrum at a particular value of the oscillation parameters that we use in place of
real data in our fits. All fake data used in this section was generated at NOvA’s 2020
analysis best-fit point. Additionally, we do not apply Feldman-Cousins corrections at this
testing stage due to their prohibitive computational cost. The contours shown here are
not representative of final results, but meant to give an idea of the relative sensitivity to
different analysis approaches.

Confidence regions in Am3, vs. sin? 3 space are shown in Fig. 6.1 using each version of
the constraint. Both versions of the Daya Bay constraint improve the sensitivity compared
to the nominal constraint, and by similar amounts. In both mass orderings, the contours
are “squeezed” in the Am3, direction, with the inverted ordering showing additional re-
duction in the sin? fy3 space, particularly at the 1o level. Fig. 6.2 shows the corresponding
confidence regions in sin? a3 vs. dcp space. Again we see similar improvement from both
versions of the Daya Bay constraint, with a more restricted contour in the inverted mass
ordering. For both sets of plots, this enhanced restriction in the inverted mass ordering
reflects the fact that both Daya Bay and NOvVA prefer the normal mass ordering.

We also wanted to understand how much of the change we were seeing in the contours
was coming specifically from the difference between NOvA and Daya Bay’s measured values
of Amj3,, versus simply the inclusion of this additional data point in the fits. To test this,

we imagined a scenario where Daya Bay would make a measurement of Am?2, that agrees

fit results later in this thesis (Chapter 7).
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Figure 6.1: Fake data fits showing frequentist confidence-level contours for Am3, vs.
sin? @3 in the normal (top) and inverted (bottom) mass orderings, using several different
constraints on the value of sin?26;3. The left column uses the nominal 1D constraint
on sin? 263 using the PDG value [150]. The middle column uses two uncorrelated 1D
constraints on sin® 20,3 and Am%z, and the right column uses a 2D correlated constraint
on Am3, and sin? 2613, all based on the 2018 Daya Bay measurement [148]. Black dots
indicate the best-fit point in each plot.

exactly with NOvVA in the normal mass ordering, and differs in the inverted mass ordering.
Then, we can compare improvements in each mass ordering to see how much the difference
in the measurements affects the contours. Using Eq. 6.6, this would correspond to Am2,
= 2.46 + 0.07 x 1073eV? which would give Am32, = 2.41 4 0.07 x 1073¢V? in the normal
mass ordering (matching NOvA’s 2020 result), and Am32, = —2.51 £+ 0.07 x 107%eV? in
the inverted mass ordering. We implemented these as 1D constraints on Am3, along
with the same 1D Daya Bay constraint on sin® 26,3 as before, and did fits to produce 2D
confidence level contours to compare with the nominal case. Fig. 6.3 shows the sin? 63
vs. dcp contours and Fig. 6.4 shows the Am%Q vs. sin® 6,3 contours. What we see is
that in the normal mass ordering, the Am?2, constraint gives less improvement over the
nominal constraint, compared to Figs. 6.3, and 6.4. At the same time, the inverted mass

ordering still experiences a larger reduction in the size of the contours (although not as
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Figure 6.2: Fake data fits showing frequentist confidence-level contours for sin® fa3 vs.
dcp in the normal (top) and inverted (bottom) mass orderings, using several different
constraints on the value of sin?26;3. The left column uses the nominal 1D constraint
on sin? 263 using the PDG value [150]. The middle column uses two uncorrelated 1D
constraints on sin® 20,3 and Am%z, and the right column uses a 2D correlated constraint
on Am3, and sin? 2613, all based on the 2018 Daya Bay measurement [148|. Black dots
indicate the best-fit point in each plot.

large as in Figs. 6.3, and 6.4). This suggests that the tension between the NOvA and Daya
Bay results does play a role in constraining the shape of the contours along with overall
sensitivity improvements from including additional information in the fit.

Given the potential improvement seen from using the additional Daya Bay constraints
on Am%Q, we elected to include the Daya Bay 2D constraint as an additional option in
our fits going forward. The 2D constraint was selected over the two 1D constraint since
they gave very similar results and the 2D version better represents the actual Daya Bay
measurement, and would preserve any small correlations between the parameters. The

effect of its inclusion in the final results for this analysis is shown in Chapter 7.
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6.1.3 Future Sensitivities

We were also interested in how much our sensitivity to different measurements would
improve with more data, and whether we would become systematics-limited at any point.
At the time it was expected that NOvA would take around 60 x 102 POT of data across the
lifetime of the experiment, split equally between FHC and RHC. A study was conducted to
quantify our sensitivity at these final POT levels. Fig. 6.5 shows the projected sensitivity
to reject the incorrect mass ordering and measure CP violation, while Fig. 6.6 shows the
sensitivity to reject maximal mixing, and measure the octant of f23. Both figures are made

assuming a final NOvA dataset of 63x10%° POT, split evenly between FHC and RHC.
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Figure 6.5: The significance at which we could reject the incorrect mass hierarchy (left)
or measure CP violation (right) as a function of the true value of écp, for a future 63 x 1020
POT level, with data split evenly between FHC and RHC. From [151].

At each point on each of the curves, fake data is generated setting the variable in question
(6cp or sin? f23) to the value on the x-axis, setting the sign of Am2, to match the current
mass-ordering, with all remaining parameters set to match the NOvA 2020 best-fit values.

We then perform two fits to this fake data, a restricted and unrestricted fit, and quote
the square root of the difference in their y? as the sensitivity. The unrestricted fit allows
all the fit parameters to vary freely, and acts as the “best-fit” for each point. The restricted
fit is done keeping the range of one of the parameters fixed to the “wrong” region of phase

space.

— 2 2
0= \/Xrestricted - Xbest—fit (67)
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Figure 6.6: The significance at which we could reject maximal mixing (left) and determine
the octant of fa3 (right) as a function of the true value of 3, for a future 63x10%° POT
level, with data split evenly between FHC and RHC. From [151].

For the mass-ordering sensitivity the restricted fit only allows values of Am32, in the oppo-
site mass-ordering than what was used to generate the fake data. So for the inverted mass
ordering curve, the fits are restricted to the normal mass ordering, and vice versa. The
CP violation sensitivity restricts dcp to be either 0 or 7 (i.e. no CP violation). For the
maximal mixing rejection sensitivity, sin? fa3 is restricted to a small region around 0.5, the
maximal mixing value. The octant determination sensitivity restricts f23 to the opposite
octant from the current point used to generate fake data. As we approach the restricted
regions on the x-axis, our “best-fit” x? at each point will naturally agree with the restricted
fits, and our rejection sensitivity goes to zero. This makes sense, as we cannot reject max-
imal mixing if its true, and we cannot measure any CP violation if there is none. The one
exception is the mass-ordering sensitivity which doesn’t restrict the value of Am%Q, only
the sign. Here we see a maximum sensitivity in the regions of dcp that give the highest
Ve (7e) asymmetry for a given mass ordering.

We then extended this study out to higher POT levels, in order to see whether the
gains in sensitivity leveled off at any point, indicating that our measurements had become
systematically-limited instead of statistically-limited. We considered 72, 100, and 125
x10%° POT, the largest amount being double the expected full NOvA dataset at the time.

Figs. 6.8, 6.7, 6.9, and 6.10 show the sensitivities. In each plot, the dotted lines indicate fits
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without including the effects of systematic uncertainties (so-called “stats-only” plots), while
the fits with the full systematic treatment are shown in solid lines. The sensitivity is lower
when accounting for systematic uncertainties but we still continue to see improvement
with additional POT in all cases. This is an indicator that we are unlikely to become

systematics-limited given our current uncertainty levels.
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Figure 6.7: NOvA’s sensitivity to determine the neutrino mass ordering at increasing
levels of POT, for the normal (top) and inverted (bottom) mass orderings, as a function
of the true value of dcp. 72, 100, and 125x10?° POT scenarios are shown, with data split
evenly between FHC and RHC. Dotted lines indicate fits without systematics included,
while solid lines have all systematics included.
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Figure 6.8: NOvA’s sensitivity to discover CP violation at increasing levels of POT, for
the normal (top) and inverted (bottom) mass orderings, as a function of the true value
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FHC and RHC. Dotted lines indicate fits without systematics included, while solid lines

have all systematics included.
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145



NOVA 2020 Best Fit v 36x10* + ¥ 36x10°° POT NOVA 2020 Best Fit v 50x10% + ¥ 50x10*° POT NOVA 2020 Best Fit v 62.5x10% + ¥ 62.5x10% POT
T 3 T T T =

[ Stats-Only

- Stats-Only

P4

10
> Stats-Only
2

IS VAON

—Syst 3 — Syst

U\é \‘//\é)N

~— Syst

IS

N

Significance of octant determination ()
Significance of octant determination (o)
Significance of octant determination ()

I
0.45

°
&

&

>

o

b

o
°
=
&
°
&
°
&
°
>
I
b
°
a
&

_0.25 ‘0.25
Sin“6,, sin“6,,

NOVA 2020 Best Fit v 36x10* + ¥ 36x10°° POT NOVA 2020 Best Fit v 50x10% + ¥ 50x10* POT NOVA 2020 Best Fit v 62.5x10% + 7 62.5x10% POT
= T - T = - - = T v =

- Stats-Only -~ Stats-Only

z

10
<

1> -+ Stats-Only
@

wuugl \}AbN

— Syst

it

— Syst

IS
T

N
N
|

n

Significance of octant determination ()
Significance of octant determination (o)

Significance of octant determination (o)

05 055 06
sin“0,,

sir‘ﬁa23 sir[:;(az3
Figure 6.10: NOvA’s sensitivity to determine the octant of fo3 at increasing levels of
POT, for the normal (top) and inverted (bottom) mass orderings, as a function of the
true value of cp. 72, 100, and 125x10%° POT scenarios are shown, with data split evenly
between FHC and RHC. Dotted lines indicate fits without systematics included, while

solid lines have all systematics included.
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Finally, we explored a future sensitivity scenario with an additional constraint on Am3,.
This was done to check whether including a constraint at a fixed uncertainty level might
eventually negatively impact our results with further datataking. we considered a 1D
gaussian constraint on Am3, around the NOvA 2020 best-fit value with a 3% uncertainty
(matching the uncertainty in the Daya Bay 2018 result), and reproduced the 72x10%
POT sensitivity plots with and without the constraint, shown in Figs. 6.11, 6.12. In all
cases this additional constraint did not significantly impact the results, providing a mild

improvement at a few values of d¢cp.
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Figure 6.11: NOvA’s sensitivity to determine the mass ordering (left) and measure CP
violation (right) for the normal (top) and inverted (bottom) mass orderings, as a function
of the true value of dcp. Plots shown for a future 72x10%2° POT scenario, split evenly
between FHC and RHC data. The dotted lines indicate the nominal fake data fits while
the solid lines include an additional 3% constraint on Am3, around NOvA’s 2020 best-fit
value.
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Figure 6.12: NOvA’s sensitivity to reject maximal mixing (left) and measure the octant
of 63 (right) for the normal (top) and inverted (bottom) mass orderings, as a function of
the true value of fa3. Plots shown for a future 72x10%° POT scenario, split evenly between
FHC and RHC data. The dotted lines indicate the nominal fake data fits while the solid
lines include an additional 3% constraint on Am3, around NOvA’s 2020 best-fit value.

6.2 Reclaiming v, Events

The v, disappearance analysis gives us sensitivity to the values of Am%2 and sin? 03
through measurement of FD v, CC events in the oscillation dip region between 1 and 2
GeV. However, below 2 GeV our efficiency for selecting v, CC events begins to fall off,
becoming very low below 1 GeV. This is shown in Fig. 6.13. We were interested in whether
this could be improved by reclaiming some of the events that failed selection cuts via a
new, secondary selection. This additional sample of reclaimed v, events could then be
included in the analysis to hopefully boost the overall selection efficiency, and sensitivity
to oscillation parameters.

We began by checking the number and types of events failing cuts. Specifically we
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Figure 6.13: Selection efficiency as a function of true energy for v, CC signal events, as
well as mis-identified NC and v, CC background, for NOvA’s 2020 analysis. From [152].

looked at the events failing the 2020 v, PID selection cut, for the FD FHC simulated
dataset. Fig. 6.14 shows the full failed sample, along with specifically the failed signal
events we would want to reclaim. These failed signal events would represent a ~17%
increase in the signal of the full selected sample. However, there are large amounts of
background in the full failed sample, which are also concentrated at these lower energies.
The largest backgrounds are from cosmic and NC events.

The next step was then to identify additional reconstructed variables we could cut on
to reduce these large backgrounds. Fig. 6.15 shows six of the variables we considered that
had some potential for separating signal and background. The first variables which stood
out were the max Y and Z positions of the muon track, because of the obvious skew in the
cosmic background towards higher values. To identify the optimal location to place a cut

we calculated the figure of merit

signal

FOM = — .
background

(6.8)
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Figure 6.14: Top Left: All events failing the 2020 v, PID cut, for the FHC sample. Top

right: All signal events failing the 2020 numu PID cut, for the FHC sample. Bottom:
All events passing the full 2020 FHC v, selection.

The FOM is plotted in Fig. 6.16 for each position variable, with the optimal cut locations
indicated. The effect of applying both optimal cuts to the failed v, sample is shown in
Fig. 6.17. The total backgrounds are reduced from 842.52 to 312.90 (62.8% reduction),
while the signal goes from 34.28 to 26.33 events (23.2% reduction). The majority of the
reduction is in the cosmic background, which is now below the level of the NC background.

Despite this the overall background remains high relative to the signal.
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Figure 6.15: Plots of simulated events from the

2020 PID cut.
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Another variable that showed differences in the signal/background distributions was
the CVN score. We considered splitting the failed v, sample by CVN score, similar to
what is done with the v, core sample. We identified 3 different regions in the CVN plot,
outlined in Fig. 6.19a. The low region is where CVNm < 0.4 and corresponds to where the
background becomes significantly higher than the signal. The middle region is defined by
0.4 < CVNm< 0.8 and corresponds to the region where the signal is approximately equal
to the background. Finally, the high CVN region where CVNm > 0.8 is where there is
more signal than background. These are events that passed the CVNm cut but failed one

of the other PID cuts (cosmic rejection or ReMID), which explains the sharp cutoff in the
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Figure 6.17: Reconstructed energy distributions for the failed v,, event sample before and
after cutting on maximum track Y and Z position, using the optimal cut values found in
Fig. 6.16.

events at 0.8. The energy distributions for each of these three CVN regions are shown in
Fig. 6.18. A large majority of the backgrounds are confined to the low CVN bin, while
the mid and high CVN bins have lower backgrounds while retaining just under 40% of
the signal events. Additionally, the number of Michel electrons present in the events was
higher on average for the signal compared to background, more so for the mid and high
CVN bins (shown in Fig. 6.19). Overall, 33% of signal events contained at least one Michel
electron, compared to 15% of NC and 7% of cosmic events.

Despite identifying some preliminary variables that could reclaim signal events with
reduced backgrounds, a majority of the signal events were still associated with large back-
grounds, primarily from cosmic events. Before investing a lot of time in reducing the
backgrounds further we wanted to gauge the potential impact of these events on our mea-
surements to see if the effort was warranted. We performed fake data fits to produce 2D
confidence regions in Am§2 vs sin? fy3, as well as 1D confidence intervals for each indi-
vidually. The fake data was generated at the 2020 analysis best-fit point, and only the
FHC samples were used in the fitting process, without applying the effects of systematics
(stats-only). Three different “best-case” scenarios were considered for the reclaimed v,

sample. In all three, the cosmic backgrounds were removed. Then, the first case adds the
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Figure 6.18: Reconstructed energy distributions for v, events failing the PID cut, split
into the 3 bins of CVNm score defined in the top left.

full failed sample (minus cosmics) as an additional sample into the fit. The second case
takes the full failed sample (minus cosmics), and splits it into the 3 bins of CVNm score
before adding it into the fit. Finally, the last sample takes only the true signal events
from the failed sample, and adds them into the fit, representing the theoretical maximum
additional sensitivity 2. The results of the 2D fits are shown in Fig. 6.21, and the 1D

fits are shown in Fig. 6.20. The maximum improvement, when adding in only the addi-

2We explored splitting the true signal events by CVN score as well, but this didn’t offer any improvement
over just including them in a single sample.
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Figure 6.19: Number of reconstructed Michel electrons present in the event, for v, events
failing the PID cut, split into the 3 bins of CVNm score defined in the top left.

tional true signal events, corresponds to a small but noticeable reduction in the size of the
contours. However, this improvement is significantly reduced when instead the full failed
sample is included in CVN bins, and barely visible when including it as a single sample.
The differences are a bit more obvious in the 1D profiles, where you can see the curves get
pulled inwards slightly with the addition of more signal events.

The improvements seen here are very small, and this is a significantly pared-down

version of the full fit. Any improvement would likely be washed out by the inclusion of
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RHC data. For this reason we elected to not pursue the study further at the time. However,

as we near the end of NOvA’s datataking, small gains from analysis optimizations will

become the main way to improve sensitivity. It may be worth reexamining the study at a

future date with the full NOvA dataset, including RHC. We will have taken significantly

more data than what was available at the time of the original study, which also means

more events available to be reclaimed. Additionally many of the variables will have been

re-optimized, so it may be possible to reclaim a purer sample of v, events.
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Figure 6.20: 1D sensitivity to Am§2 and sin? fy3 for a nominal fake data fit, versus 2
fits that include an additional sample of reclaimed v, events. All fits are FHC-only and
stats-only, with fake data generated at the NOvA 2020 best-fit point.

156



281 — . 281 .
27 . 27 -
~_F ] —~_F ]
> 2.6~ > 2.6
] - ) L
» F nf
9 25 S 2s[
= r ] I .
5 24 & 5 24 .
23 . 23 -
c o by by b by . e b b b by
2fs 04 o045 05 055 06 065 2f 04 045 05 055 06 065
sin“e,, sin“g,,
(a) FHC v, + failed v, (b) FHC v, + failed v, (split by CVN)
281 T ]
271 E
—~ [ ]
X 26
() r
T
S 25F
~ I
W F
5 24 .
23 .
L. | | | | ]
%3 04 045 05 055 06 065

(c) FHC v, + true failed v,

Figure 6.21: Fake data fits with/without an additional sample of reclaimed v, events.
All fits are FHC-only, and stats-only, with fake data generated at the NOvA 2020 best-fit
point. Red, pink, blue lines correspond to lo, 20, and 30 contours. Solid lines indicate
the nominal fit without the additional sample, and dotted lines indicate the fits with the
additional sample. 3 cases are considered: (a) including the reclaimed events as a single
additional sample, (b) splitting the reclaimed events into 3 samples based on CVN score,
and (c) including only the true reclaimed signal events as an additional sample. The best-
fit point is indicated as the black dot. The additional samples offer a very small but visible
improvement in (c), whereas (a) and (b) remain nearly identical.
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6.3 Reclaiming v. Events

The v, appearance analysis gives sensitivity to the mass ordering, dcp, and the octant
of fy3 through measuring differences in the rates of v, and v, events. As such, knowing
the exact counts of each event type is important and effort has been made to incorporate
additional samples of v, events, initially through the peripheral sample, and now for this
analysis, the low-energy sample. In the lead-up to this analysis we conducted studies to
understand how impactful reclaiming additional v, events would be, and also where the
events were failing cuts, so we could direct efforts to reclaim them. This then served as
additional motivation for the low-energy sample, which is discussed at the end of this
section.

Starting with NOvA’s 2020 analysis selections and dataset, we looked at the number of
v, events that failed both the core and peripheral sample selections. These v, (7,) events
are shown in Fig. 6.22 for both the FHC and RHC samples. There are enough events
available in these samples to warrant further investigation. If reclaimed, the 21.93 FHC
events would represent a 26.7% increase over the 82 events that had been observed for the
2020 analysis v, data, while the 5.46 RHC events represent a 16.5% increase over the 33
events that had been observed in the v, data [113].

To see what the effect would be of reclaiming all of these events in to our analysis,
we performed fake data fits producing confidence regions for sin? 63 vs. dcp, with and
without the extra events. The fake data was generated at the NOvA 2020 best-fit point.
We include both v, and v, predictions in the fit, without the effects of systematics (stats-
only), and optionally including the additional reclaimed v, samples (Fig. 6.22). The result
is shown in Fig. 6.23. Going from the nominal fit, to nominal with the reclaimed v, events,
we see a large shrinking of the contours indicating that the extra events are enhancing our
sensitivity. While this is the “best-case” scenario where we reclaimed all events, it shows

that they do have power to constrain the oscillation parameters, and are worth pursuing.
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Figure 6.24: A Venn diagram showing the number of true v, signal events that failed a
particular combination of the 2020 v, selection cuts. Each ring represents one of the 4 cuts
making up the 2020 v, selection, with the events in that ring having failed that specific
cut.

We then looked into which cuts the events were failing to inform studies attempting
to reclaim them. We focused on the FHC sample, since that contained the majority of
ve events we could reclaim, and the 2024 analysis would contain even more FHC data,
with the same sample of RHC data as the 2020 analysis. The v, 2020 Core selection has
four main cuts, Preselection, CosRej, PID, and NearestSlice. These are similar to the cuts
described in Sec. 5.2.2, but organized differently. Preselection covers reconstruction and
event quality, and containment cuts. The PID cut here is just a cut on CVNe score, while
CosRej contains the cut on cosmic rejection BDT score. NearestSlice is the same cut as
in Sec. 5.2.2. We constructed predictions for events failing specific combinations of these
cuts, and removed any events that would have been selected into the Peripheral sample.
We then counted up the number of events that fall into each category. For example,
we found that 7.03 of the 21.93 total events failed only the PID cut, while passing the
other cuts. There are 2.45 events failing both PID and Preselection cuts, while passing
the other cuts, and so forth. We can organize all of the categories of failed events into

a Venn diagram which shows the number of true signal events in each category. This
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is shown in Fig. 6.24. Most of the events are failing just the PID cut (7.03 events), or
just the Preselection cut (5.68 events). After these two categories, the next-largest are
events failing both PID and Preselection (2.45 events) and events failing both Preselection
and CosRej (2.08 events). The remaining ~3 signal events are spread between the other
combinations of PID, Preselection, and CosRej. The NearestSlice cut is removing a very
specific class of backgroundevent so the categories with it have only a small amount of
signal.
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Figure 6.25: v, signal and beam background energy distributions, for the 4 Venn diagram
categories containing the most v, signal. Labels indicate the cut categories that were failed.
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Next, we examined the beam backgrounds. Fig. 6.25 shows the energy distributions
of both the signal and beam backgrounds for the four largest Venn diagram categories.
The largest beam backgrounds in our energy region of interest ( < 4 GeV ) are present in
the events which failed the PID cut, and are comprised of mostly NC events, with some
mis-identified v, CC events as well. There are beam v, events concentrated at higher
energies, which we see mostly in the events failing Preselection, since that cut selects
neutrino energies between 1 and 4 GeV. The plots do not include cosmic events, but we
would expect some cosmic background in the samples that failed Preselection (due to its
containment cut) and larger cosmic backgrounds in the samples that failed the CosRej
cut. From these distributions we learned that if we are able to reclaim these v, events we
should expect larger NC backgrounds in the sample, and depending on the category of cut
we target, there may be additional cosmic backgrounds as well.

Given the large backgrounds, it was not feasible to reclaim events by simply retuning
our existing selections, and a more sophisticated approach would be needed. One avenue
to reclaim events that we pursued was the low-energy BDT (described in Sec. 4.2.5).
This targeted v, events in the 0.5 - 1.5 GeV range, and could potentially reclaim events
from several of the categories we examined. As explained in Sec. 5.2.2 the low-energy
selection allows a wider range of CVN score, so it can target v, events failing the PID cut.
Additionally, the energy range allows us to include events falling below the Preselection
energy cut.

There were several additional reasons for the focus on lower neutrino energies. First,
similar to the v, selection, the v, selection efficiency also falls off at lower energy (shown in
Fig. 6.26). This is an indication that there are events we could reclaim, but also that they
may be difficult to identify using our nominal selections, another motivation for training a
new BDT explicitly on low-energy events. Additionally, at lower energies we have a higher
sensitivity to the asymmetry in the rates of v, (7.) events. We define asymmetry as the

difference in the probability of v, — v, and v, — v, oscillations, divided by the total
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Figure 6.26: The efficiency with which we select true v, CC events in the FD as a
function of energy, for FHC (left) and RHC (right) samples. Efficiency is defined as
(selected v.)/(total true v.) events in each bin. The NOvA 2020 analysis v, selection was
used, with the Preselection energy cut lowered from 1.0 GeV to 0.5 GeV to include the
low-energy region. From [103].

probability:
P(v, — ve)—P(v, — V)
P(v, — ve)+ PV, — ve)

Asymmetry = (6.9)

This is plotted as a function of energy in Fig. 6.27, along with the expected range of v,
events. We see that the maximum and minimums occur below 1 GeV, and are inverted for
each mass ordering. While we expect significantly fewer events at low energy, they should
also be highly sensitive to the choice of mass ordering.

For this analysis we only included the FHC low-energy sample. This is because the
corresponding RHC sample was found to be too small, with the total FD prediction size
being less than a single event, and the majority of that being background [103]. If NOvA
is able to take more RHC data in the future, the sample may become a viable addition to
the analysis. Of course, without the RHC sample to compare to, some of the sensitivity
to the asymmetry is lost. Despite that, the FHC low-energy sample still maintains some
small ability to distinguish between the mass orderings. Fig. 6.28 shows the expected
total number of events in the low-energy sample for this analysis as a function of dcp,
for each choice of mass ordering. The shaded bands show the variation over the 1o range
of sin?#fy3. On average there is about 1 event separation between the choice of mass
orderings. Including the 1o range of sin® 6,3, the difference between the maximum in the

normal ordering and minimum in the inverted ordering is about 3 events.
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Figure 6.27: Predicted asymmetry of FD v, and v, events at the far detector. Overlaid is
a spectrum of predicted v, events at the FD without any cuts. Asymmetry curves use the
best-fit parameters found in Chapter 7. The predicted spectrum spans credible oscillation
parameters around these best fit values. From [153].

To gauge the impact of the low-energy sample on the full analysis, a fake data fit using
the Bayesian framework was conducted both with and without this additional sample.
Fits included all systematics, and used the 1D Daya Bay reactor constraint. Fig. 6.29
shows the posterior probability density for dcp from the full fits with and without the
low-energy sample, and for 3 different mass ordering cases. The first case allows either
mass ordering in the fit, while the second and third are restricted to either the normal
or inverted mass orderings respectively. Within the fit that allows both mass orderings
(Fig. 6.29a), including the low-energy sample gives a modest increase to the percent of the

posterior density in the normal mass ordering from 73.5% to 74.1%.

164



v Beam
L NOVA FD sin”26,,=0.085 -
L 26.61x10%° POT-equiv sin’,;=0.45-0.60

15

10—\—/——\

Total LowE events expected

5 - —]
i Normal MO: Am3, = +2.44x10°%V? ]
- Inverted MO: Am32, = —2.48 x107%eV* -
L . L PR P | L L
% L T 3n 2n
2
6CP

Figure 6.28: Total FHC low-energy v, appearance events predicted as a function of dcp.
The solid lines represent the best-fit value of sin?fy3 = 0.54, while the band shows the
variation over a wider range of sin” fa3 values listed in the top right.
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and without the low-energy sample included. For (a) both mass orderings, (b) normal
mass ordering only, and (c) inverted mass ordering only cases. The fit is done with all
systematics and 1D Daya Bay reactor constraint applied. From [143].
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6.4 Michel electrons

A large focus of my work has been on improving the simulation and reconstruction of
Michel electrons in NOvA. This work was started after production had already begun on
the files that would be used for this analysis (referred to as Production 5.1, or Prod5.1
files). Since the simulation and reconstruction code is frozen before starting production,
the Michel improvements will be targeted to future analyses. In the interim period, the
improvements were tested using a few different sets of files. Initially we produced dedicated
sets of files from scratch running the necessary simulation and reconstruction jobs with
the improvements added in. Recently, we have been gearing up for a new production
run (Production 6) which will include the improvements, and we have been able to begin
testing their full implementation. Preliminary samples of files were produced in a “mini-
production”; to test and validate the changes before undertaking the full production. Most

plots in this section were made from these sets of files.

6.4.1 Improving Simulation

One of the first improvements made was a fix to a longstanding data/MC discrepancy in
the AT of the Michel electrons, the time difference between the Michel and parent slice
(nominally a muon). The discrepancy is shown in Fig. 6.30, and is different depending
on whether the Michel retriggered one of the cells in the parent slice. It is common for
reconstructed Michel electrons to contain hits that retrigger cells from their parent slice,
since they are a time-delayed signal that appears close to where the muon decayed. What
we saw was an excess in MC at low AT for Michels that retrigger. For Michels that don’t
retrigger we saw the opposite, an excess in data at low AT. One way this could occur
is if the APD deadtime was shorter in simulation than in the actual hardware. Careful
examination of the readout simulation and detector firmware code found this to be the case.
Fig. 6.31 illustrates the differences in the retriggering logic between the old simulation, and

the real detector firmware. In both cases a dual-correlated sample (DCS) is first used to
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Figure 6.30: ND Data/MC discrepancy seen in the AT of reconstructed Michel electrons
in older simulation files. Left is for Michels which retrigger a cell from the parent slice,
and right is for Michels which do not retrigger. Histograms have been area normalized to
illustrate the shape differences. From [154].

trigger a readout. The current ADC value is compared to the one from 3 samples ago, and
if their difference is larger than the trigger threshold, we trigger and read out a hit. The old
simulation used a variable deadtime, which lasted until the current DCS value fell below a
defined “retrigger threshold”. In the real detectors, the peak is first found after triggering
(the purple point), and then a fixed deadtime lasting 9 digitizations is implemented. The
two detectors have different timing resolutions, so this results in a 1.125 us deadtime at
the ND, and a 4.5 us deadtime at the FD. Since the deadtime of the old simulation could
vary, it often ended earlier than the fixed deadtime of the data (the blue point in the
example). Simulated Michel electrons, which appeared soon after the muon decay, could
then retrigger cells before the data, hence the discrepancy.

We rewrote the readout simulation code to match the logic from the firmware in each
detector, and then produced new simulated files with the change. We then ran the recon-
struction code up to MEFinder, and plotted the AT in MC vs. the data. The result for
the ND is shown in Fig. 6.32. The simulation now matches the data and we see the AT

for the retriggered Michels peak and then fall off at the deadtime of 1125 ns as expected.
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Figure 6.31: Cartoon diagrams of the retriggering logic used in the old simulation, and
the correct version from the real detector firmware. Left: In the old simulation, a trigger
was initiated once the DCS value goes above the trigger threshold (green point), and you
cannot trigger again until it goes back below the retrigger threshold (blue point). Right:
In the actual detector, a trigger is also initiated when the DCS value goes above threshold
(green point), the peak is then found (purple point), and a fixed deadtime of 9 digitizations
is always used (live again on the 9th).

6.4.2 Improving Reconstruction

With the timing simulation fixed, I moved on to examine the Michel reconstruction code,
MEFinder (detailed in Sec. 4.1.6). There were several improvements made. With the
timing fixed, we removed the cut on retriggered candidate Michel hits from the hit-finding
step in MEFinder. We also identified and fixed a bug in the hit-finding that was missing
candidate Michel hits at the ends of the 10,000 ns window after a physics slice. The code
was attempting to use a binary search function to identify the first and last valid hits in
the window, but it was not implemented correctly. Switching to a simple linear search
function resulted in no missed hits, and by removing some unnecessary function calls we
were able to mitigate any loss in search algorithm efficiency, with the new jobs finishing
~20% faster [155].

Since the timing distribution had significantly changed, the next step was to remake
the MID template histograms (described in Sec. 4.1.6). This was overdue, as they had not

been remade in several years despite other changes to the reconstruction code that could
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Figure 6.32: Data/MC comparison of Michel electron AT with old and new retriggering
logic for Michels that retrigger (left) and those that don’t (right).

have affected the Michels, such as an update to the slicer. Additionally, we identified a
reconstruction failure associated with the old templates. The old templates (Fig. 6.33)
have a cutoff in the AT variable at 800 ns. This was put in place early on because of the
poor data/MC agreement. However, the cutoff extends to all values of the Distance To
Slice variable, instead of only being applied to the 0 DistToSlc bin which contains all the
retriggered Michels. As described in Sec. 4.1.6, the true Michel DistToSlc vs. AT template
is used to match reconstructed Michel electrons to their parent slice. So, the knock-on
effect of this cutoff is that MEFinder would not match any Michels to parent slices with
a AT < 800 ns, even for Michel electrons that didn’t retrigger a cell. Instead, they would
either be matched to a different parent slice at a later AT (potentially incorrectly) or, they
would not be reconstructed at all. This effect can be seen as the sharp cutoff in events
below 800 ns in the AT plots in Fig. 6.32.

Remaking the MID templates is an iterative process. Since the templates are used in
the reconstruction, the initial round of reconstruction with the new code will still have
to use the old templates. Then, we can create new template histograms from the newly-
reconstructed Michels. We then re-run MEFinder over the same input files, this time using
the new templates, to make sure the effects of any changes are fully captured. This final

sample of Michels can then be used to create a final version of the template histograms
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Figure 6.33: MID template histograms using the old simulation. The top two plots are
for the true-ME case, and the bottom two are for the non-ME case. From [95].

that will be used going forward®. There were several rounds of file production in the mini-
production leading up to Production 6, which allowed us to do this iterative process over
a large enough dataset. The final template histograms incorporating all the changes are
shown in Fig. 6.34. The CalE vs. NCell templates are largely the same as before, but
there are significant changes to the AT templates. The cut at 800 ns AT was removed

and we can see there are a significant number of events at low AT, with the majority of

3In principle, if there are still differences in the templates or reconstructed Michel distributions after
the second iteration, this process could be continued until the distributions no longer change. In practice
however the two iterations of reconstruction were sufficient.
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the backgrounds occurring at very low AT.
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Figure 6.34: ND MID template histograms using the new simulation. The top two plots
are for the true-ME case, and the bottom two are for the non-ME case.

A Data/MC comparison of the energy, AT and MID distributions of Michels using the

new MID templates are shown in Fig. 6.35.
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The shape of the distributions agree well with data. The Gaussian shape of the energy
distribution we measure for true Michels can be seen at higher energy®, with a spike
at lower energies from the backgrounds. The AT distribution extends all the way to 0
now, and we see a spike around 1125 ns from Michel electrons that retrigger. The MID
distributions show most of the signal events being skewed to MID > 0, so we can still
expect to effectively cut on that variable to remove backgrounds. The MC events have
been scaled to match the POT of the data events, but there is still a slight normalization
offset between data and MC in several of the distributions, particularly for the TrkME. This
is expected to occur because we do not yet have cross-section weights for Production 6 files
to apply to the simulation [156]. When those become available the distributions should
be re-examined with the weights applied. The largest backgrounds come from neutron
interactions (specifically the photons and protons from neutron capture or scattering) and
have their distribution highlighted in the plots. Truth information from the simulation
was studied to quantify the total makeup of the backgrounds, and the results are shown

for the ND in Table 6.1.

Particle Type Source % of Total Background
Photon neutron capture 30.0
Photon o decay 18.2
Primary p v, CC interaction 16.3
Proton neutron elastic scattering 14.2
Proton or photon | neutron inelastic scattering 8.6
Primary proton v, CC interaction 2.5

Table 6.1: Tabulation of the largest sources of background in reconstructed Michel elec-
trons at the ND. Remaining percent is made up of charged particles and photons resulting
from a large variety of different interactions, each comprising less than 1% of the total.
The numbers are determined from GEANT4 truth information.

4Note that the theoretical true Michel distribution is not a Gaussian, and has a sharp cutoff at 53 MeV.
The different shape we see results from imperfect energy reconstruction. For example, missing Michel
energy due to traversing dead material. Essentially, our energy resolution for the Michels is not precise
enough to resolve the true theoretical shape of the distribution.
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6.4.3 Far Detector Michel electrons

Up until now only Michel electrons in the near detector had been examined in detail. I also
took a first look at Michel electrons specifically in the FD. We expected to see differences
at least in the timing distributions due to the coarser timing resolution and longer APD
deadtime, and was curious whether they warranted creating separate MID templates for
the FD. The energy, AT, and MID distributions for the simulated FD Michel electrons
are plotted in Fig. 6.36. There are several key differences to take note of. First, in the
AT distributions the effect of the timing resolution is evident. We see a small bump in
events near the FD retrigger threshold of 4500 ns, and a more rounded peak for the events
that don’t retrigger, with the peak occurring at a later AT than in the ND. In the energy
distribution, we see the same spike at low-energy from the backgrounds, but we also see a
smaller increase at low energy for the true Michel electrons. This is related to the timing
differences as well. Because of the longer APD deadtime, many of the Michel electrons
will appear while the cell that the muon decayed in is still dead. Any energy deposited
by the Michel in that cell will then be missed if it occurs during the deadtime. Since the
Michels only make a handful of hits to begin with, this can represent a significant percent
of the total Michel energy. This effect becomes more obvious when we plot the energy of
true Michels that retrigger vs. those that don’t in the FD. This is shown in Fig. 6.37. The
Michels that decayed late enough to register a retriggered hit have an energy distribution
that more closely resembles the expected true Michel energy distribution, while the Michels
that do not retrigger have the excess at lower energy from events that missed hits.

With significant differences in both the timing and energy distributions, we elected to
make separate MID template histograms for the FD Michels. These are shown in Fig. 6.38.
The true Michel templates have a similar shape to their ND counterparts, but there are
more events concentrated at low NCells/CalE, and fewer events at low AT'. There are also
more events concentrated in the higher DistToSlc bins because of the longer APD dead-

time. The non-Michel background templates look the same as the ND for the NCell/CalE
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Particle Type Source % of Total Background
Photon neutron capture 88.8
Photon mo decay 3.2
Primary p v, CC interaction 2.9
Proton neutron elastic scattering 1.1
Proton or photon p~ capture 1.3

Table 6.2: Tabulation of the largest sources of background in reconstructed Michel elec-
trons at the FD. Remaining percent is made up of charged particles and photons resulting
from a large variety of different interactions, each comprising less than 1% of the total.
The numbers are determined from GEANT4 truth information.

template, however the DistToSle/AT template shows a more diffuse distribution of events
than the ND, where the backgrounds are concentrated at low AT. This is a reflection of
the different background composition at the FD. As can be seen in Fig. 6.36, almost all of
the backgrounds at the FD are from neutron interactions. The specific backgrounds were
again quantified from truth information and are summarized in Table 6.2. Similar types of
background events are present but take up a smaller percent of the total than at the ND.
Once again this can be related to the timing differences. As can be seen in the AT plots
for the ND (Fig. 6.35) there are large spikes in the non-neutron backgrounds at low AT,
which are significantly reduced at the FD. These additional backgrounds at very low AT
could be introduced from pile-up, which is not present at the FD.

As a final check on the impact of these improvements, we calculated the difference in
Michel electron tagging efficiency before and after the changes to simulation /reconstruction.
The tagging efficiency is defined as the sum of all reconstructed true Michel electrons (both
SlcME and TrkME) divided by the total true Michel electrons that made hits in the de-
tector, across all events. The result is shown in Table 6.3 for both ND and FD, before and
after the improvements. The ND sees an increase from 71.7% to 84.8% efficiency, which
corresponds to finding 18.3% more Michel electrons. The FD sees a modest increase from
59.3% to 61% efficiency when using the FD MID templates in MEFinder. Most of the
improvement seems to come from accessing the additional phase space below 800 ns AT.

The FD, because of the longer APD deadtime, doesn’t gain much from this, and has a
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lower overall tagging efficiency as well compared to the ND. That being said, this number
does not take into account any improvements to the data/MC agreement. While we didn’t
see a large increase in the tagging efficiency at the FD, we are no longer applying analysis
cuts on AT which will increase the amount of Michel electrons we can use for things like

the Michel decomposition.

Tagging Efficiency | Tagging Efficiency

Detector (Old Sim/Reco) | (Updated Sim/Reco)
ND 71.7 84.8
FD (using ND templates) 59.3 59.7
FD (using FD templates) 61.0

Table 6.3: Michel electron tagging efficiency before and after updates to improve the
simulation and reconstruction of Michels. Shown separately for each detector, with the
FD using either the ND MID templates for slice-matching, or the new FD-specific MID
templates.
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Figure 6.38: FD MID template histograms made with all simulation and reconstruction
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non-Michel backgrounds.
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6.4.4 Future improvements using Michel electrons

Looking ahead, we are considering new ways to utilize Michel electrons in the 3-flavor
analysis that can leverage my improvements. One idea is to use Michel electrons as a
way to constrain wrong-sign backgrounds in the FD. Wrong-sign events are considered an
irreducible background because we cannot distinguish the charge of the particles produced.
However, because of the different decay behavior of muons/antimuons, we can expect
different rates of Michel electrons between neutrino/antineutrino events. A p™ will always
decay and produce a Michel electron, but a = will sometimes get captured on a nucleus
instead of decaying, and not produce a Michel electron. Therefore, we should expect a
higher rate of Michels from v, CC events (which produce p*) than v, CC events (which
produce ). Michels can also appear in v, (7.) events through pion production. v, CC
events can produce 7+ through DIS or RES interactions, while v, can produce 7—. The
pions can decay, producing muons that can then decay to a Michel. However, the 7~ and
i~ can both be captured on a nucleus, which will result in no Michel, whereas 7 will
be more likely to decay to a p+, which will then always decay to a Michel. From this we
would expect a higher rate of Michels from v, CC events than from v, CC events.

To get an idea of the difference in the rates for NOvA, we studied the truth information
of neutrino events in the Far detector. We looked at the number of true v, (7,) and v, (7.)
events that passed the full 2024 v, and v, selections in the FD, and counted how many
of them contained true Michel electrons that made hits in the detector °. The calculation
is done for both FHC and RHC beam modes. The numbers for v, events are shown in
Table 6.4, and for v, events in Table 6.5. The v, CC events have a higher rate of Michel
electrons, with a small difference in the rates between v, signal and wrong-sign (WS). The
ve CC events produce fewer Michels, but there is a more significant difference between the
ve signal/WS Michel rates than in the v, CC events. A constraint would likely be most

effective for the RHC v, sample, where the WS makes up a larger portion of the sample,

5Note that this does not imply that the Michels were successfully reconstructed, just that they made
hits in the detector, so there is a chance we could reconstruct them.
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(a) FHC
Channel ‘ Total Events ‘ Events w/ True Michel ‘ % of Total

v, — v, (Sig) 316.63 285.05 90.0%
v, — v, (WS) 20.96 20.96 100%
(b) RHC
Channel ‘ Total Events ‘ Events w/ True Michel ‘ % of Total

vy — vy (WS) 22.11 20.12 91.0%
v, — v, (Sig) 64.03 64.03 100%

Table 6.4: The number of true signal and wrong-sign v,, events that contain a visible true
Michel electron compared to all events. Events are passing the full v, selection described
in 5.2.3. Predictions were generated without extrapolation using the best-fit oscillation
parameters found in Ch. 7.

(a) FHC
Channel | Total Events | Events w/ True Michel | % of Total
v, — Ve (Sig) 86.53 24.97 28.9%
Vy = Ve (WS) 1.31 0.091 7.0%
(b) RHC
Channel ‘ Total Events ‘ Events w/ True Michel ‘ % of Total
v, — ve (WS) 1.62 0.465 28.7%
vy, — Ve (Sig) 13.42 0.670 5.0%

Table 6.5: The number of true signal and wrong-sign v, events that contain a visible
true Michel electron compared to all events. Events are passing the full Core v, selection
described in 5.2.2. Predictions were generated without extrapolation using the best-fit
oscillation parameters found in Ch. 7.

and there is the largest discrepancy between the Michel electron rates.

The exact nature of the constraint we can implement will depend on how much of this
effect we can see in reconstructed Michel electrons. If a larger effect is seen, we could
incorporate Michel electron info into a selection to create a new WS-enhanced subsample
or reclaim events. The Michel info on its own is unlikely to be a sufficient selection but
could be combined with some of the ideas discussed earlier in the chapter for reclaiming
events. If a smaller effect is seen we could instead do a fit to the observed Michel rates
while varying the amount of WS, to check that the amount of WS is within expected

levels. If there appears to be a discrepancy in the amount of WS we are estimating then
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we could include an additional systematic uncertainty. If not, this would remain as a
simple cross-check on the amount of WS background.

We then studied the number-of-Michel-electron (NMichel) distributions for reconstructed
ve and v, events in the FD, for both FHC and RHC beam modes. The goal was to see
how much WS was present in bins with reconstructed Michel electrons, relative to the
signal, and see if it matched expectations from the truth study. Then, we can scale up
the proportion of WS events in the sample, while keeping the same total, and see whether
it results in a significant change to the observed NMichel distributions. How much the
distribution changes indicates how significant of an effect a Michel constraint on the WS
could have.

First we consider the FD v, events. Fig. 6.39 shows the NMichel distribution for FD
FHC simulation, for events passing the full v, selection. From the truth study, we would
expect the WS events in this sample to have a slightly higher rate of Michel electrons
than the signal events. That should manifest as relatively more WS events in the 1 and
2-+ NMichel bins. In the left hand plot, we see the total events, with signal and WS
components indicated in purple and green. Since the WS is much smaller than the signal,
in order to compare their shapes we also plot the WS scaled to match the area of the
signal. Comparing the scaled WS and signal, we do see relatively more WS in the 1 Michel
bin, matching the expectation from the truth study. However, in the 24+ Michel bin we
see the opposite, with relatively less WS than signal. We have not yet determined a clear
explanation, but one idea is that there could be more non-Michel backgrounds in that bin
which behave differently from the true Michels.

Next we attempt to determine how much sensitivity the reconstructed Michel electrons
have to the WS rate, by scaling up the proportion of WS events and seeing how the NMichel
distributions change ®. The right hand plot of Fig. 6.39 shows the effect of scaling up the

proportion of WS events on the total. In order to see an effect, the WS needed to be scaled

5To give an example of how the scaling works, imagine there are 100 events total, 90 signal and 10 WS.
If we scale up the WS 100% then we go from 10—20 WS and the signal scales down 90 — 80 to keep the
same total events in the sample. We only considered an increasing WS proportion for this study.

183



FHC v, selected events
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Figure 6.39: Simulated FD FHC events with 0, 1, or 2+ reconstructed Michel electrons,
for events passing the full FD v, selection. All histograms are scaled to this analysis’ POT.
The total prediction is shown in black with statistical error bars (v/N), and is the same
in both histograms. The left shows the signal (v,) and WS (v,) components of the total,
as well as what the WS distribution would look like scaled up to match the size of the
signal. The right shows what the total distribution would look like if we scaled up the WS
by 50%, 100%, and 200% while keeping the same total number of events.

up by a large amount: 50%, 100%, and 200% 7 indicating that the Michels in this sample
may not have much sensitivity. With 200% scaling we see a small increase in the 1 Michel
bin, and a small decrease in the 0 and 2+ bins.

The corresponding distributions for the RHC v, sample are shown in Fig. 6.40. From
the truth study, we expect the signal events in RHC to have relatively more Michel elec-
trons. This would be seen as relatively fewer WS in the 1 and 2+ NMichel bins. Comparing
the scaled WS to the signal, this expectation is true for the 1 Michel bin, but reversed for
the 2+ Michel bin. The RHC samples have a larger proportion of WS events, so we see
more of an effect when scaling the WS. In the right-hand plot, the 50% scaling now has a

small but visible effect, and the 200% scaling shows a large effect.

"We do not expect our WS to be off by this much. The large deviations are chosen only to understand
the limit of our sensitivity using the Michels.
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RHC \7p selected events
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Figure 6.40: Simulated FD RHC events with 0, 1, or 2+ reconstructed Michel electrons,
for events passing the full FD v, selection. All histograms are scaled to this analysis’ POT.
The total prediction is shown in black with statistical error bars (v/N) and is the same in
both histograms. The left shows the signal (v,) and WS (v,,) components of the total, as
well as what the WS distribution would look like scaled up to match the size of the signal.
The right shows what the total distribution would look like if we scaled up the WS by
50%, 100%, and 200% while keeping the same total number of events.

Next we consider the v, samples. Fig. 6.41 shows the NMichel distributions for FD
FHC simulation, for events passing the full FD Core v, selection. From the truth study, we
expect the WS to have relatively fewer Michels than the signal, however we expect overall
very few WS events. The shape of the scaled WS histogram does match the expectation
from the truth study, but there are so few WS events that even scaling by 200% has a
negligible effect on the total.

Fig. 6.42 shows the corresponding RHC v, distributions. From the truth study we
expect the WS to have relatively more Michels. We also expected this sample to have the
most potential for sensitivity to the WS since there is both a larger amount of WS events,
and the difference in Michel rate between signal /WS is the highest. In the left-hand plot,

the signal and WS are actually at a comparable level even before scaling the WS. We see
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FHC v, selected events
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Figure 6.41: Simulated FD FHC events with 0, 1, or 2+ reconstructed Michel electrons,
for events passing the full FD Core v, selection. All histograms are scaled to this analysis’
POT. The total prediction is shown in black with statistical error bars (v/N) and is the
same in both histograms. The left shows the signal (v.) and WS (v,) components of the
total, as well as what the WS distribution would look like scaled up to match the size of
the signal. The right shows what the total distribution would look like if we scaled the
WS up by 50%, 100%, and 200% while keeping the same total number of events.

more WS in both 1 and 2+ Michel bins, matching the expectation from the truth study.
Despite this, we still require a large scaling of the WS to see a significant difference in the
total NMichel distributions.

The reconstructed NMichel distributions show varying agreement with the expectations
from the truth study. All the distributions agree with expectation in the 1 NMichel bin,
but some differ in the 2+ bin for an unknown reason. This should be explored further to
determine the cause. In terms of the effectiveness of using the Michel rates for a constraint
on the WS, it seems as though the WS would need to be off by a significant amount, much
more than we expect, for there to be a visible effect in the NMichel distributions. So there
would not be much power in constraining the WS this way. The distributions that have

been shown are for events passing selections, so there may still be some potential for the
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Figure 6.42: Simulated FD RHC events with 0, 1, or 2+ reconstructed Michel electrons,
for events passing the full FD Core v, selection. All histograms are scaled to this analysis’
POT. The total prediction is shown in black with statistical error bars (v/N) and is the
same in both histograms. The left shows the signal (v,) and WS (1) components of the
total, as well as what the WS distribution would look like scaled up to match the size of
the signal. The right shows what the total distribution would look like if we scaled the
WS up by 50%, 100%, and 200% while keeping the same total number of events.

Michel electrons to be used to reclaim events. The Michel distributions for those events

failing selections should be studied further.
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Chapter 7

3-Flavor Analysis Results

In this chapter we present the results of the joint analysis of 26.61x10%° POT of neu-
trino mode, and 12.5x10?° POT of antineutrino mode beam data. As outlined in Chapter
5, the predicted FD v, and v, energy spectra, along with the full list of systematic un-
certainties, are fit at once to the observed FD data spectra using either frequentist or
Bayesian techniques, in order to extract a measurement of the oscillation parameters. The
v, disappearance channel primarily gives us sensitivity to Am§2 and sin? 6,3, while the v,
appearance channel gives us sensitivity to the mass ordering, octant of 653, and value of
dcp. We start by showing the observed data in the FD. We then present the results of the
frequentist fit to the data. At this time Feldman-Cousins corrections are only available
for a handful of our measurements, due to the significant computational cost of produc-
ing them. The majority of the frequentist results are shown with confidence levels drawn
assuming the Gaussian approximation. While the contours may not exactly contain the
stated coverage, they can still serve as a useful approximation of our results, and be used
to make comparisons between contours under different fitting conditions. The remaining
sections incorporate both frequentist and Bayesian results. We show the impact of the dif-
ferent Daya Bay reactor neutrino constraints on our measurements, and finally, conclude
with a discussion of the new results in context with other results from the field of neutrino

oscillation physics.
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7.1 The Observed Data

Using the v, selections outlined in Sec. 5.2.3, we observe 384 events in the data, with a
predicted best-fit total of 408.6 (including 11.0 background). We observe 106 v, events,
with a predicted best-fit total of 97.7 (including 1.7 background). The energy spectra for
the events are shown in Fig. 7.1, with all hadronic energy bins combined. Figure 7.2 shows

the same distributions split into their hadronic energy bins. In the absence of neutrino
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Figure 7.1: Observed and predicted energy spectra, for v, (left) and v,, (right) CC selected
events in the FD. All hadronic energy fraction and transverse momentum quantiles have
been combined in these spectra. The prediction is generated at the frequentist best-fit
point.
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Figure 7.2: Observed and predicted energy spectra, for v, (left) and v, (right) CC
selected events in the FD, split into four hadronic energy fractions but with the transverse
momentum quantiles combined. The prediction is generated at the frequentist best-fit
point.
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oscillations we would have expected to see ~2100 v, events and ~500 v, events, so the
observed event counts show a clear sign of muon neutrino disappearance in our beam. This
can be visualized in Fig. 7.3 which plots the predicted FD energy spectra in the absence of
oscillations on top of the observed spectra for the FHC beam. From this we can also plot
the ratio of oscillated to unoscillated predictions, where we can clearly see the characteristic

dip shape in the data.
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Figure 7.3: Left: Observed and predicted energy spectra, for v, CC selected events in
the FD, for the oscillated (purple) and unoscillated (red) predictions. Right: Ratio of the
observed data and oscillated prediction to the unoscillated prediction.

Using the v, selections from 5.2.2 we observe 181 events in the data, with a predicted
total of 191.2 events (including 62.5 background). We observe 32 v, events, with a pre-
dicted total of 31.1 (including 12.2 background). The observation exceeds the expected
background, giving a clear signal of v, appearance in our beam. The v, events for each of
the selected samples are shown in Fig. 7.4. The total observed and predicted v,, (7,) and
Ve (De) event counts, along with the predicted background components, are summarized in
Table 7.1.

Figures 7.5 and 7.6 show comparisons of the observed number of appearance events
to the predicted number of events under different combinations of the mass ordering, dcp
and sin® fy3. This can help give context to the full fit results in the next section. Figure

7.5 shows the FHC and RHC appearance samples separately. Neither FHC or RHC data
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Figure 7.4: Observed and predicted energy spectra, for v, (left) and v, (right) CC selected
events in the FD. The prediction is generated at the frequentist best-fit point.

show a strong preference towards one of the mass orderings, being compatible with either
one over different ranges of cp. The new low-energy v, sample is also shown on its own.
In this subsample we see slightly more data events than expected, however the best-fit
prediction still falls within 1o of the data. The excess does give a slight preference towards
the normal mass ordering but the effect on the total v, sample is small.

We can combine the FHC and RHC into a 2D representation (the bi-event plot) shown
in Fig. 7.6. This shows the number of RHC appearance events on the y-axis versus the
number of FHC appearance events on the x-axis. This allows us to look for asymmetry in
the rates of v, and v, appearance. The ellipses show the predicted event counts in each
beam mode under different combinations of the oscillation parameters. With 181 FHC
events and 32 RHC events, our data falls right in the middle region where the matter
and CP violation effects are degenerate. In other words, we prefer combinations of the
oscillation parameters that lead to similar probability of v, and v, appearance, such as
the normal mass ordering with dcp near /2, or the inverted mass ordering with dcp near
3w /2. We disfavor the combinations of oscillation parameters that would lead to a large
asymmetry in the rates of v, vs. Ve, such as the normal mass ordering with dcp near 37w/2,

or the inverted mass ordering with dcp near /2.
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FHC RHC

Sample vy ve  Low-energy o, Ve
=y 3723 43 0.3 244 0.2
Vy =y, 24.5 0.1 0.0 71.5 0.2
Vy — Ve 0.4 125.3 3.4 0.0 2.1
Vy —Ve 0.0 1.8 0.1 0.0 18.9
Beam v+ v, 0.1 26.1 0.8 0.0 6.5
NC 5.5 16.8 5.3 0.8 2.0
Cosmic 4.4 5.5 0.5 0.7 1.1
Others 1.5 0.8 0.1 0.2 0.1
Signal 397.6 125.3 3.4 96.0 18.9
Background 11.0 554 7.1 1.7 12.2
Predicted 408.6 180.7 10.5 97.7 31.1
Observed 384 169 12 106 32

Table 7.1: Predicted event counts for the v, v, and Low-energy selected samples in the
neutrino beam, and 7, and 7, samples in the antineutrino beam. The low/high PID, and
Peripheral samples are combined in the v, (7) columns, while the Low-energy sample
is shown separately due to its novel status. Any oscillation channels not listed are in
“Others”. Signal in the v, (7,) columns includes wrong-sign events and some v, from
Others. Predictions were generated using the best-fit oscillation parameters found from a
frequentist fit to the data with the 1D Daya Bay constraint on sin® 26,3 [139].
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Figure 7.5: Comparison of the predicted number of FD v, and v, appearance events as
a function of dcp in each mass ordering. The solid red and blue lines represent the best-fit
value of sin? fy3, while the band shows the variation over a wider range of sin? 3 values
listed in the top right. The total observed data events are shown in gray along with the
statistical 1o error bands. Shown for the full FHC (including LowE) and RHC samples on
top, with the LowE sample additionally shown on its own below.
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Figure 7.6: Bi-event plot showing total predicted appearance events in RHC and FHC
for different combinations of octant and hierarchy. Each ellipse uses the values of mass
ordering and octant indicated by the color and closest label. The value of d¢p is varied to
trace out the ellipse, with important values marked. Observed number of events is shown
with errors. The best-fit point in the UO, Normal MO is indicated. Systematic pulls are
included in the predictions. Low-energy sample is included in both observed and predicted
event counts. Our data falls in the middle region, away from combinations of oscillation
parameters that lead to a large asymmetry in v, vs. v, events.
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7.2 Fits and Results

We begin by presenting analysis results using the frequentist approach to fitting. First,
doing a stats-only fit, and then incorporating all systematics. The available Feldman-
Cousins corrections are shown in the subsequent section.

Figure 7.7 shows the 2D confidence-level contours in Am§2 vs. sin? fy3, and sin? fg3
vs. dcp space, from a frequentist fit to the data using the 1D Daya Bay constraint on
sin? 26;5. Figure 7.8 shows 1D fits for Am3,, sin? 63, and dcp. The oscillation parameters
not present on the axes of a given plot have been profiled over at each point in the space.
These are stats-only fits, so the systematic parameters are not included in the log-likelihood
minimization. We find a best fit point in the normal mass ordering and upper octant of 3.
The allowed values of f3 are compatible with maximal mixing in both mass orderings. As
hinted at by Fig. 7.6, we disfavor regions of parameter space that lead to high asymmetry
in v, (U.) appearance rates. Notably, in the inverted mass ordering we exclude most values

of dcp between 0 and 7 at greater than 3o.
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Figure 7.7: Frequentist 1,2,30 confidence level contours from stats-only fits to the full
FHC and RHC datasets, using the 1D Daya Bay constraint on sin® 26;3. Top panels show
normal mass ordering (NO) in blue, and bottom panels show inverted mass ordering (10)
in red. The best-fit point is found in the normal mass ordering, and upper octant of 3.
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Figure 7.8: 1D stats-only frequentist fits to the full FHC and RHC datasets, using the 1D
Daya Bay constraint on sin? 2613. Assuming the inverted mass ordering (left) and normal

mass ordering (right).
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Next we repeat the fits, this time including the systematic terms in the log-likelihood
minimization. At each point in the phase space of a given plot, we profile over all the
systematic parameters as well as the other oscillation parameters. Figure 7.9 shows the
resulting 2D confidence-level contours, and Fig. 7.10 shows the results of the 1D fits.
These are the results on which Feldman-Cousins corrections will be applied. The inclusion
of systematics broadens the contours slightly, while keeping the same general conclusions
from the stats-only fits. With the systematics included in the fit, and using the 1D Daya
Bay constraint on sin? 2613, we find a best-fit point in the normal mass ordering and upper

octant of f93, with the oscillation parameters
o Ami, — 2433
o sin? 3 = 0.546
e jcp = 0.87 .

The systematic uncertainties associated with each of these parameters at the best-fit point
is summarized in Fig. 7.11. Our largest systematic uncertainty comes from detector cali-
brations, followed by either lepton reconstruction (for the Am3, measurement) or neutrino
cross sections (for dcp and sin? 023). The statistical uncertainty is still dominant for all

measurements.
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Figure 7.9: Frequentist 1,2,30 confidence level contours from fits to the full FHC and
RHC datasets, profiling over all systematic uncertainties, and using the 1D Daya Bay
constraint on sin? 20;3. Top panels show normal mass ordering (NO) in blue, and bottom
panels show inverted mass ordering (IO) in red.
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Figure 7.10: 1D frequentist fits to the full FHC and RHC datasets, profiling over all
systematic uncertainties, and using the 1D Daya Bay constraint on sin® 26;3. Assuming
the inverted mass ordering (left) and normal mass ordering (right).
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Figure 7.11: Systematic and statistical uncertainties on the measured values of Am3,,
sin? fa3, and dcp at the best-fit point. From [157].
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As an additional exercise, we can perform the fits while excluding a subset of our data
(and corresponding predictions) and compare with the full result above. This can give
us a better sense of the effect the excluded sample has on the full result. Two studies of
interest are the results without the RHC data (an FHC-only fit) and the results without
the v, data (a v,-only fit). The plots shown are for stats-only fits with the 1D Daya Bay
constraint. Figure 7.12 shows the FHC-only fits. Compared to the full stats-only fit, the
contours are slightly expanded and shifted down to lower values of sin? f23. Notably, the
best-fit point has also changed from the upper to lower octant of f23. Figure 7.13 shows
the v -only fits. These include both FHC and RHC v,, (7,) samples, but no v, samples.
From this we can clearly see how all of our sensitivity to dcp comes from the v, appearance
measurement, since the contour is completely flat in that space now. For the Am%Z VS.
sin? fy3 space, the contours have expanded slightly, and the best fit has shifted to a higher

value of sin? fys.
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7.2.1 Feldman-Cousins Corrections

The frequentist results shown so far will need to be Feldman-Cousins corrected to ensure
accurate coverage before final publication. Currently we have corrections for the Am3,
vs. sin? @3 fit in the normal mass ordering, and a calculation of our preference for the
normal mass ordering under different reactor constraints. Efforts are underway to produce
corrections for the remaining measurements. Figure 7.14 shows the corrected surface. The
best-fit oscillation parameters with corrected 1o uncertainties are shown in the table in
Fig. 7.15, along with the significance with which we prefer the normal mass ordering under

the 1D or 2D Daya Bay constraints.
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Figure 7.14: Feldman-Cousins corrected 68% and 90% confidence level contours for the
Am3, vs. sin? 0y space, found from a frequentist fit to the data. The fit included the 1D
Daya Bay reactor constraint and all systematic uncertainties. From [158].
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Parameter Best-fit | Normal Ordering Preference (o)

sin? (o3) 0.546+0032 | W/ 1D Daya Bay  p-value 0.1731

constraint 1.36 0

Am3, (10’3 eVQ) 2.43310 052
W/ 2D Daya Bay  p-value 0.1158
dep () 0.875 constraint 1.570

Figure 7.15: Left: The best-fit oscillation parameters and FC-corrected 1o uncertainties
from the frequentist fit to the data, using the 1D Daya Bay constraint. Right: The
significance with which we prefer the normal mass ordering when using the 1D or 2D Daya
Bay constraints. From [158].

7.2.2 The Effect of Reactor Neutrino Constraints

Constraints from reactor neutrino experiments like Daya Bay are expected to enhance
our mass ordering sensitivity, as described by Nunokawa, Parke, and Funchal [159]. Figure
7.16 shows the 1D stats-only fits to Amg2 using different options for the reactor constraint.
Unlike the other 1D frequentist plots in this chapter, the Ax? values in both mass ordering
are calculated with respect to the global best-fit minimum in the normal mass ordering, to
illustrate the difference in x? between normal and inverted mass orderings. As we go from
no reactor constraint, to a 1D and then 2D constraint, the difference between the minimum
x? in normal and inverted mass ordering increases. This can be seen as the inverted curves
being displaced further upwards, showing our enhanced preference for the normal mass
ordering. Figure 7.17 shows a similar result from the Bayesian framework. The plot shows
the marginalized posterior probability densities for Am§2 using the same three options
for reactor constraint (no constraint, 1D, or 2D Daya Bay constraint). Without a reactor
constraint, we have a 70% preference for the normal mass ordering (i.e. 70% of the total
posterior density is in the normal mass ordering). With the 1D Daya Bay constraint this

increases to 77%, and with the 2D constraint it increases further to an 87% preference.
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Figure 7.16: 1D stats-only fits of Am3, using no reactor constraint (top), the 1D Daya
Bay constraint (middle), or the 2D Daya Bay constraint (bottom). Here the significance
is drawn relative to the global best-fit point, to highlight the increasing preference for the
normal MO we get by applying the 1D and then 2D Daya Bay constraints.
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Figure 7.17: Marginalized posterior probability densities for Am3, in each mass ordering,
from the Bayesian fit with systematics included, and for three different reactor constraint
options. Applying the 1D and then 2D Daya Bay constraints increases our preference for
the normal mass ordering compared to the NOvA-only measurement. From [160].

The reactor constraint also serves to enhance our preference for the upper octant of
023. Figure 7.18 shows the 1D stats-only frequentist fits for sin? fo3 using the three reac-
tor constraint options. There is a slight degeneracy, with local minima in either octant.
Without a reactor constraint we have a slight preference for the lower octant of f23. Ap-
plying the 1D constraint changes the preference to the upper octant, and applying the
2D constraint enhances the preference further. It is not obvious in the 1D plots how the
degeneracy in sin? fa3 is broken by the reactor constraint. To see how, we can look at a 2D
plot of sin? 26,3 vs. sin® fa3. Figure 7.19 shows the Bayesian posterior density and credible
regions in sin?260;3 vs. sin?fy3 from a fit without any reactor constraints (NOvA-only
measurement). The 1o range from the 1D sin? 2013 Daya Bay measurement is overlaid to
illustrate the effect. There is more overlap between the Daya Bay result and the posterior

density in the upper octant.
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Figure 7.18: 1D stats-only frequentist fits of sin? fl3 using no reactor constraint (top),
the 1D Daya Bay constraint (middle), or the 2D Daya Bay constraint (bottom). Applying
the 1D constraint shifts our preference from the lower to upper octant of o3, with the 2D
constraint increasing the preference further.
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to NOvA data without any reactor constraints, with results from the Daya Bay experiment
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7.2.3 NOvVA Results in a Global Context

Here we compare the new results to both NOvA’s previous results, and the results of the
broader neutrino oscillation physics community. Figure 7.20 shows a comparison of the
FC-corrected frequentist confidence regions for Am?,)2 vs. sin? a3 to those from NOvA’s
2020 analysis. The new result occupies a similar region of phase space but with tighter
constraints in both directions compared to the previous result. Figure 7.21 shows a com-
parison of the new result to results from other neutrino oscillation experiments. We see
good agreement between all results in this space. Figure 7.22 shows our central values and
1o ranges of Am3, from the Bayesian analysis, compared to those from other experiments.
With this new result, NOvA currently has the most precise single-experiment measurement

of Am2,, as shown in Fig. 7.22.
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Figure 7.20: Comparison of the Am2, vs. sin®f3 FC-corrected 90% confidence level
contour from this analysis to the one from NOvA’s 2020 analysis [113]. From [158].
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Figure 7.22: Comparison of central values and 1o intervals for Am3, in the normal
MO from various accelerator (green), reactor (red), and atmospheric (blue) experiments,
and two joint fits (purple). The exact values are shown on the right along with the %
uncertainty. The first three NOvA results are found from the Bayesian analysis with
different reactor constraints. At 1.5% uncertainty, the NOvA no RC result is currently the
most precise single-experiment measurement of Am%Q. Sources for the remaining results,
beginning with the fourth line are as follows: [139, 161-168|. From [169].
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In the sin? 63 vs. dcp space NOVA results are again consistent with our 2020 results,
but with improved sensitivity. However, there is a small tension with the results from
T2K in the normal MO that has persisted since the 2020 analysis. Figure 7.23 shows
the Bayesian 68% credible regions in sin® 63 vs. dcp for recent NOvA and T2K results.
In the normal MO NOvVA prefers a region of dcp that leads to low asymmetry in v, (7)
appearance rates, while T2K prefers a large asymmetry. In the inverted mass ordering there
is good agreement between experiments. Currently the difference between the experiments
does not occur at a high degree of statistical significance, with more overlap at 2 and 3o
levels. If the tension is to be resolved, additional datataking, particularly in antineutrino

mode, will be necessary.
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Figure 7.23: New NOVA results for sin? a3 vs. dcp in the Normal (left) and Inverted
(right) MOs, compared with previous NOvA results [113, 138] and results from other
experiments [161, 164, 170], including the 2024 joint NOvA-T2K analysis [171, 172]. All
of the credible intervals are extracted from Bayesian analyses. The star indicates NOvA’s
highest probability density point from this analysis. From [169].
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Chapter 8

Conclusions

This thesis presents an analysis of 26.61x10?° POT of neutrino-mode and 12.5x10%° POT
of antineutrino-mode beam data. On top of doubling our FHC dataset, this analysis
included improvements to the light-model tune, improved systematic uncertainties, a new
sample of v, events, and an additional focus on reactor neutrino constraints including our
first implementation of a constraint on Amgg. In the muon neutrino disappearance channel
we get sensitivity to Am§2 and sin? fa3 primarily through measurement of the minimum of
the oscillation dip region of the energy spectra. The frequentist fit to the data, using the 1D
Daya Bay constraint on sin? 26,3, and with Feldman-Cousins corrections applied, yielded
best-fit values of Am%z = 2.433f8:8§2 (10_3 eVQ), and sin® 03 — 0.546:[)):8%. Without a
reactor constraint, the Bayesian analysis finds Am%Q = 2.429J_r8:8§§ (10—3 eVQ) which at
1.5% uncertainty is currently the most accurate single-experiment measurement of Am%Q.
In the electron neutrino appearance channel we get sensitivity to the mass ordering, value
of dcp, and octant of A3 through measurement of asymmetry in the rates of v, (7)
appearance. Our best-fit value falls in the normal mass ordering and upper-octant of 63,
with dcp = 0.8757m. With the 1D Daya Bay constraint applied we have a 1.360 preference
for the normal mass ordering, which increases to 1.57c when applying the 2D Daya Bay
constraint. Our data prefers combinations of oscillation parameters that lead to little

asymmetry in the v, (7.) appearance channels. We disfavor regions of high asymmetry,
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excluding values of dcp from 0-7, and dcp = 27, in the inverted mass ordering at >30. This
puts us in a low-significance tension with T2K [173], who prefer oscillation parameters that
lead to significant asymmetry in the appearance channel. Along with this mild tension,
there are many open questions that warrant further analysis. The true mass ordering,
octant of fo3, and value of dcp are still not known at a high significance level.

NOVA has an additional 2.8 x 102° POT of antineutrino data waiting to be analyzed,
and hopes to take an additional 1.5-2.5x10%° POT of antineutrino data before concluding
operations at the beginning of 2027. This is to enable the beginning a long shutdown period
in preparation for DUNE, which will make its first measurements early next decade. In this
interim period, NOvA will release it’s final 3-flavor oscillation results using our full dataset.
This will be among the last new long-baseline results for the community until the next-
generation of experiments such as DUNE come online. Further analysis improvements are
being explored to ensure we get the maximum sensitivity possible out of this measurement.
NOvVA has data from a test-beam run that are being analyzed to improve our large energy
scale uncertainties. Updated simulation models and reconstruction techniques have been
incorporated into the production of our final dataset. Some of the studies to reclaim
neutrino events that were conducted for this analysis can then be re-examined with more
data and re-tuned selections. The improvements to Michel electron reconstruction will be
fully incorporated as well, and explored further for potential sensitivity improvements.

Along with our independent results, collaboration with other experiments will be crit-
ical. NOvA and T2K have performed a joint 3-flavor analysis that is being prepared for
publication [171, 172]. We continue to collaborate and plan further joint analyses that
can exploit the unique qualities of each experiment to break degeneracies, and hopefully
resolve the tension between them. The next-generation reactor neutrino experiment JUNO
is expected to begin taking data this year, and will likely be the first of the next-generation
experiments to publish results. If NOvA’s final 3-flavor results can push the uncertainty
on Am3, to the 1% level, then we could combine our results with JUNO’s high-precision

measurement of Am3, to make an even better measurement of the mass ordering [159].
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